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I. Introduction 
Electronic systems designed for space-age utilization must be highly efficient, 
small in size, and very reliable. An important application that appears likely to 
satisfy all three requirements is the use of pulse-width modulation for linear power 
amplification. Preliminary work in this area has been.reported in Semiannual Report 
No. 1 [l5]. During the second six-month period of grant research, covered by this 
report, attention has been focused on the development of a novel approach to PWM, 
compatible with the design constraints imposed by microcircuit realization. This 
approach shows great promise for technological utilization. 
The use of pulse-width modulation for linear power amplification has been 
known for many years [l, 21. The advantages of such techniques are the high efficiency 
inherent in their use and the fact that, since individual stages act as switches, 
performance is not degraded unless switching transistions are actually inhibited. On 
the other hand, the maximum theoretical efficiency of a conventional class B design 
is 78%, while in practice a value of 50% is typical. In addition, the active devices 
used in conventional designs must be operated within their linear ranges. Hence, 
performance may be quite sensitive to environmental changes and component aging. 
The availability of semiconductor devices, with their low collector-leakage 
current in the "off" condition, and their low saturation voltage in the "on" condition, 
increases the potential advantage of PWM techniques and makes their use even more 
attractive. A number of articles have appeared recently extolling the virtues of 
PWM for the audiophile [3-81. Applications for commercial and aerospace electronics 
systems have been fewer [9-141, but indicate a growing interest. 
In Chapter 11, an approach to the design of a pulse-width modulator is 
presented. It should be emphasized that although particular circuits are discussed, 
the methods are applicable to a variety of circuits and devices having open-circuit 
stable negative-resistance characteristics. Chapter 111 discusses the design of a 
pulse-power stage to best utilize the advantages of a switching amplifier, while 
Chapter IV describes an audio power -amplifier application. The circuits presented 
here have been designed to meet requirements for microminiaturization. 
In addition to the work on switching amplifiers, research during this report 
period has continued in the area of reliability theory, with emphasis on an analytical 
formulation of reliability improvement through specific redundant configurations. 
This method may be applied not only to simple arrays of components, such as resistors 
and capacitors, but to arrays of solar cells and amplifiers as well. Although the 
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conf igura t ions  considered are l i m i t e d  t o  s e r i e s - p a r e l l e l  composites, i t  i s  hoped 
t h a t  t he  techniques may b e  extended to a more gene ra l  topology. This  work i s  pres- 
en ted  i n  Chapter V.  
- 2 -  
4 
11. A Linear Pulse-Width Modulator 
In this chapter a design for a linear pulse-width modulator is presented and 
Znilyzed. This design has the following desirable features: 
(1) Simple, free-running concept, 
(2)  High degree of linearity, 
( 3 )  Ease of microminiaturization. 
The basic modulator circuit, shown in Fig. 2.1, if operated with one capacitor 
between terminals 1-2 (as in Fig. 2.1(a)), produces a linear, variable-frequency PWM 
output when current sources I1 and I2 are modulated by an input signal. 
constant-frequency PWM output may be obtained using either of the switched capacitor 
networks shown in Fig. 2.l(b) and (c), if voltage sources V and V are modulated by 
the input signal. 
A linear, 
1 2 
In the circuit of Fig. 2.1, collector resistors (R R >, zener voltages 1’ 2 
(Vzl, V ) and cross-coupling voltage-divider ratios (formed by R 22 a’ 
are assumed to be different so that performance sensitivity to these parameters may 
be investigated in the analysis that follows. To simplify notation without loss of 
generality, all transistor base-emitter drops (V ) are considered to be equal. Any 
differences in V 
output impedance of emmiter followers Q 
and R and that the input impedance of switching transistors Q and 0 is high compared 
to resistors \ and R Also, the sum of the currents Il and I 
equal to I. 
I$ and Rc, Rd) 
be 
drops could be included in Vzl and Vz2. It is assumed that the be 
and Q, is very low compared to resistors R 3 a 
C 1 2 
must be constant and d’ 2 
Free-running switching operation of the circuit (illustrated by the Q, collector 
waveform shown in Fig. 2.2(a)) is obtained with any one of the capacitor networks (a), 
(b), or ( c ) .  
emitter-voltage v is clamped to v which is given by 1 1c’ 
Now, if Q is on while Q is off, Q, carries the total current I and 1 2 
v = a (V - Vbe - Vzl + b V ) - Vbe 1c 1 cc 1 1  
where al = %/(Ra + %) and bl = Ra/I$. 
while capacitor C is being charged by current 12. 
to within one base-emitter drop of the voltage at the base of Q,. 
level (v ) is given by 
During this interval (O<t<T ) ,  v2 decreases 
Switching occurs when v2 has come 
1 
The v switching 2 
2s 
v = a (V 2s 2 cc - Vbe - Vz2 + b2V2 - IR1) - Vbe 
- 3 -  
(2.2) 
+"c c 
P 
02 V 
2- "rl 
I1 l2 
Q2 
2 V 
Fig. 2.1 Basic linear modulator circuit: (a) capacitor network for 
variable-frequency operation; capacitor networks for 
constant-frequency operation, (b) momentary switch and, 
(c) alternating switch. 
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where a A t  t h i s  i n s t a n t  ( t  = T ) ,  Q, should t u r n  on 
and Q must t u rn  o f f .  During the  next  i n t e r v a l  (Tl<t<(T1+T2)), Q carries t h e  t o t a l  
cu r ren t  I ,  v is  clamped t o  
= Rd/(Rc + Rd) and b2 = Rc/Rd. 
2 1 
1 2 
2 
v = a ( V  - v  - V z 2 + b V ) - V  
2 C  2 cc be 2 2  be 
(2.3) 
and v1 decreases  while  c a p a c i t o r  C is charged ( i n  t h e  oppos i te  d i r e c t i o n )  by cu r ren t  
I1. 
has  come t o  wi th in  
Vbe o i  t h e  vo l tage  a t  t h e  base of Q,. 
The nex t  switching t r a n s i t i o n  occurs  a t  t = T + T2, when v 1 1 
This switching l e v e l  i s  given by 
vlS = al(Vcc - Vbe - Vzl + blVl - IR2) - Vbe 
For o s c i l l a t i o n  t o  be sus ta ined  (with per iod T = T 
o r s  Q and Q must be s u f f i c i e n t  t o  d r i v e  t h e  opposi te  t r a n s i s t o r  i n t o  cut-off.  Oper- 
a t i o n  a s  a l i n e a r  modulator, however, r e q u i r e s  t h a t  t h e  vol tage  swing be l i m i t e d  t o  
avoid s a t u r a t i o n  of Q, o r  Q,. 
s a t u r a t i o n  is 
+ T2), t h e  v o l t a g e  swing a t  c o l l e c t -  1 
1 2 
The vol tage  c o n s t r a i n t  necessary t o  keep Q, ou t  of 
while  t h e  corresponding c o n s t r a i n t  f o r  Q is  2 
vcc - I R 2  : a2(Vcc - Vbe - Vz2 + b2V2) 
These c o n s t r a i n t  r e l a t i o n s  w i l l  be used t o  determine t h e  proper zener vo l tages  and/or  
d i v i d e r  r a t i o s  t o  maximize the  output vo l tage  swing of t h e  modulator f o r  l i n e a r  
operat ion.  
2 .1  Linear ,  variable-frequency operat ion.  
With t h e  s imple c a p a c i t o r  network shown i n  Fig. 2 . l ( a )  connected between ter- 
minals 1-2, c i r c u i t  performance is character ized by a decrease i n  switching frequency 
as modulation l e v e l  is increased.  For many app l i ca t ions  t h i s  is no t  a problem, whi le  
t h e  s i m p l i c i t y  of t he  c i r c u i t  and l i n e a r i t y  of t h e  modulation process  are very 
a t t r a c t i v e .  
Operation of t h e  c i r c u i t  is  b e s t  understood wi th  t h e  h e l p  of t h e  waveforms 
f o r  vl, v2 and vc shown i n  Fig.  2.2, where vc is t h e  vol tage  ac ross  c a p a c i t o r  C and 
- 5 -  
02 V 
1 V 
2 V 
I -I I 
t t 
t 
I t 
Fig. 2.2 Modulator voltage waveforms for variable-frequency operation: 
(a) Q2 collector; (b) Q, emitter; (c) Q2 emitter; (d) cap- 
acitor network. 
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is taken  t o  be 
vc = v1 - v2 (2.7) 
it can be seen  from these waveforms t h a t  t h e  maximum capac i to r  vo l t age  v must be c1 
1' given by t h e  d i f f e r e n c e  between v1 and v 
This va lue  is 
just before  switching t akes  p l ace  a t  t = T 2 
vcl = vlc - v2s 
The minimum capac i to r  vo l t age  v exists a t  t = T + T and is given by c2 1 2  
v = v  - v  (2.9) c2 1s 2c 
It is obvious t h a t  t h e  capac i to r  vo l t age  swing during each charging i n t e r v a l  is t h e  
same, and, by use of (2.1), ( 2 . 2 ) ,  (2 .3) ,  and (2.4) with  (2.8) and (2.9), t h i s  va lue  
is found t o  be 
Av = v  - v  = I ( a R  + a R )  c c1 c2 1 2  2 1  (2.10) 
It should be  observed t h a t  t h e  pu l se  l eng ths  T and T 
sources  I, and I2 i n  t h i s  ve r s ion  of t h e  c i r c u i t .  
vo l tage- reference  po in t .  
modulation level (-1 5 m 2 1). 
O<t<T1, then, upon s u b s t i t u t i o n  from (2.10), 
can be modulated only by cu r ren t  1 2 
Hence, V, and V may be one common 
= (1+m)I/2 and I2 = (1 - m)I/2, where m is t h e  
.L 2 
Now, l e t  I 1 
Since  I charges t h e  capac i to r  a t  a cons tan t  ra te  dur ing  2 
T1 - CAv /I = 2C(alR2 + a2R1)/(1 - m) c 2  9 (2.11) 
I n  s i m i l a r  fashion,  s i n c e  I charges t h e  capac i tor  dur ing  T <t<(T1+T2), 1 1 
T2 = CAv /I = 2C(alR2 + a2R1)/(1+ m) (2.12) c 1  
The r e s u l t i n g  pulse-width modulation process is l i n e a r  as can be demonstrated 
by t ak ing  t h e  average va lue  of t h e  output waveform a t  t h e  c o l l e c t o r  of Q 
Fig. 2.2(a)) 
(shown i n  2 
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(2.13) 
Subs t i t u t ion  from (2.11) and (2.12) i n t o  (2.13) y i e l d s  
- 
v02 = (vcc - IR2/2) + mIR2/2 9 (2.14) 
which i s  a l i n e a r  func t ion  of m. The complement appears  a t  t he  c o l l e c t o r  of Q and 
i s  given by 
1 
- 
- I R  12) - mIR1/2 (2.15) 
v 0 1  = (VCC 1 
The e f f e c t  of modulation l e v e l  on switching frequency f is  found by s u b s t i t u t i n g  (2.11) 
and (2.12) i n t o  
f = 1 / T  = 1/(T + T2) 1 
which r e s u l t s  i n  
2 f = ( 1  - m )[1/4C(alR2 + a2R1)] 
The zero-s ignal  switching frequency i s  found from 
f o  = 1 / 4 C ( a l R 2  + a2R1) 
It should be  noted by examination of (2 .1  
(2.17) 
1 ,  (2. 
, 
with  m = 0. Hence, 
(2.16) 
(2.17) 
(2.18) 
5) and (2.17) t h a t  t h e  mod- 
u l a t i o n  process i s  not  s e n s i t i v e  t o  zener o r  base-emit ter  drops,  o r  d i v i d e r  r a t i o s ,  
a l though t h e  switching frequency i s  a func t ion  of a 
The l i n e a r i t y  of t h e  modulation process  depends p r imar i ly  on t h e  cu r ren t  sources  I 
and I2 and how w e l l  they t r a c k  the  modulating s i g n a l .  Also, i n  o rde r  t o  opera te  wi th  
a h igh  modulation l e v e l ,  f should be t y p i c a l l y  about t e n  t i m e s  t h e  h ighes t  frequency 0 
contained i n  the  spectrum of t h e  input  s i g n a l .  For example, i f  m = .9 and f = 100 kc,  
t h e  switching frequency i s  only 19 kc. Under these  condi t ions ,  spur ious  harmonics 
might a f f e c t  t he  performance of a PWM audio ampl i f i e r .  
and a2 and modulation l e v e l .  1 
1 
0 
* 
For p r a c t i c a l  r e a l i z a t i o n  of t h e  c i r c u i t ,  assume t h a t  R1 = R = R, 2 
a = a2 = a, b = b = b, V = V = V ,  and t h a t  V z1 - Vz2 = Vz. Now, suppose t h a t  t h e  
design of the cur ren t  source  r equ i r e s  t h a t  vo l t age  l e v e l s  a t  t h e  emitter of Q, and Q, 
no t  f a l l  below a c e r t a i n  minimum l e v e l  V From Fig.  2.2(b) and ( c ) ,  i t  i s  seen t h a t  
1 1 2  1 2  
E' 
* 
See discussion and re ferences  c i t e d  i n  Chapter I V .  
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this requirement leads to the constraint 
- Vz + bV - IR) - Vbe - VE 2 vlS = v2s - a(Vcc - vbe 
From (2.5) or (2.6) the saturation constraint is 
(2.19) 
Vcc - IR - > a(Vcc - Vbe - Vz + bV) (2.20) 
In order to realize the constraints of (2.19) and (2.20) it is not necessary to utilize 
both zener diodes and voltage dividers in the network. If, for example, it is desired 
to use the divider network, let Vz = V = 0. Use of the constraint equalities included 
in (2.19), (2.20) and solution of these equations for the proper values of a and R 
yields 
R = [Vcc(l - a) + aVbe]/I (2.22) 
A circuit designed for V = +2 volts, Vcc = 12 volts and I = 1.5 ma., employing E 
a differential amplifier for modulation, is shown in Fig. 2.3 . The constraints are 
satisfied f o r  a = 112 and R = 4.7 KQ. A variation of .25 volts above and below ground 
f d l y  ~ndulates the output. An exper- 
imentally determined transfer characteristic (normalized) and a plot of switching 
frequency versus modulation level for this circuit are shown in Fig. 2.4 . Deviation 
of the output from linearity at high input levels is due primarily to the current 
source. For a sinusiodal input to the modulator, less than 2.4% harmonic distortion 
is obtained at a peak modulation level of m = .9 . 
frequency curve is close to the parabolic shape indicated by (2.17). 
The zero-signal switching freqiienry is 100 kr. 
As can be observed, the switching, 
If circuit realization using zeners is preferred, then we can set Ra = Rc = 0, 
which gives a = 1, b = 0. 
and (2.20) yield design values for Vz and R that are 
In this case, solution of the equalities given in (2.19) 
v z = (V cc - 3Vbe - VE)/2 
R = (Vz + Vbe)/I 
(2.23) 
(2 .24)  
- 9 -  
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With zener ope ra t ion  t h e  zero-signal switching frequency is  found from (2.18) t o  be  
f o  = 1 / 8 R C  9 (2.25) 
which a l lows  a smaller capac i to r  t o  be used f o r  a given f c c q x r e d  wi th  t h e  previous 
r e a l i z a t i o n .  
0’ 
This  may be an important cons idera t ion  when designing i n  i n t e g r a t e d  form. 
An important c i r c u i t  s i m p l i f i c a t i o n  i s  p o s s i b l e  i f  a complementary output  is  
2 no t  necessary .  I n  t h i s  case, i f  R1 = 0 and R = R, one cross-coupling network can be 
t h e  o t h e r  may be  d i r e c t l y  coupled, as shown i n  Fig. 2.5 - 
i n  Q i f  t h e  b i a s  at t h e  base of Q is set  s o  t h a t  2 2 
e l imina ted  e n t i r e l y ,  whi le  
S a t u r a t i o n  is just avoided 
V = V  - 1 R  
B c c  9 (2.26) 
where R i s  determined by t h e  c o n s t r a i n t  f o r  VE i n  (2.19), which becomes f o r  t h e  simpli-  
f i e d  c i r c u i t ,  
VE 5 Vcc - I R  - Vbe (2.27) 
+V 
f ‘ 
4 
Fig. 2.5 Simpl i f ied  l i n e a r  variable-frequency modulator 
- 11 - 
The va lue  of R t h a t  r e a l i z e s  the  maximum co l l ec to r -vo l t age  swing i s ,  the re fo re ,  
R = ( V  - Vbe - VE)/I cc 9 (2.28) 
and the  zero-signal switching frequency i s ,  from (2.18) ,  
f o  = 1 / 4 R C  (2.29) 
This  c i r c u i t  has  been cons t ruc ted  and performance has  been found t o  equal  t h a t  of t h e  
balanced modulator descr ibed  previously.  Its a p p l i c a t i o n  i n  a PWM audio power system 
w i l l  b e  discussed i n  Chapter I V .  
2.2 Linear, constant-frequency opera t ion .  
A s  has a l ready  been pointed o u t ,  t h e  use  of a s i n g l e  capac i to r  wi th  t h e  c i r c u i t  
of Fig. 2 .1  produces a l i n e a r  PWM output  wi th  a switching frequency t h a t  decreases  wi th  
t h e  square  of  t h e  modulation l e v e l .  This performance arises because t h e  pu l se  lengths  
are va r i ed  by modulating t h e  charging c u r r e n t s  which appear i n  t h e  denominators of 
(2.11) and (2.12). I f ,  however, the  charging cu r ren t s  are he ld  cons tan t  and t h e  mod- 
u l a t i o n  of Av i n  (2.11) and (2.12) is  made p ropor t iona l  t o  m ,  t h e  per iod  should be 
i n s e n s i t i v e  t o  modulation l e v e l .  
C 
Thus, i n  order  t o  produce l i n e a r  pulse-width modulation wi th  cons tan t  swi tch ing  
frequency from the  bas i c  c i r c u i t  of Fig. 2.1,  t h e  cu r ren t  sources  are set  s o  t h a t  
I1 = I2 = 112 and vo l t age  sources  VI and V2 are modulated s o  t h a t  V 
V = V - mV, where V i s  t h e  b i a s  necessary f o r  free-running opera t ion ,  and V i s  t h e  
maximum s igna l  vo l tage .  To make constant-frequency opera t ion  poss ib l e ,  however, t h e  
t iming capaci tor  must be discharged ( i d e a l l y  t o  zero)  a t  t h e  beginning of each switch- 
ing  in t e rva l .  
at  t h e  beginning of each i n t e r v a l ,  and t h e  network shown i n  Fig.  2 . l ( c ) ,  where t h e  
switches a l t e r n a t e  a t  each i n t e r v a l ,  are both s u i t a b l e  f o r  t h i s  purpose. However, 
p r a c t i c a l  r e a l i z a t i o n  of such a network r equ i r e s  t h e  use  of diodes o r  t r a n s i s t o r s  t o  
s t e e r  t he  charging cu r ren t  and provide a d ischarge  pa th  f o r  t h e  capac i to r .  Therefore ,  
t he  equivalent  c i r c u i t  of a p r a c t i c a l  capaci tor-switching network t o  be used i n  t h e  
fol lowing ana lys i s ,  inc ludes  diode drops (Vdl, V 
I n  t h i s  equivalent  c i r c u i t ,  shown i n  Fig.  2.6, when t h e  charging cu r ren t  i s  toward 
the  r i g h t ,  t h e  switches are i n  pos i t i ons  S 1 ,  and capac i to r  C1 charges  from i n i t i a l  
va lue  v u n t i l  t h e  cu r ren t  r eve r ses ,  a t  which t i m e  t h e  switches change t o  con tac t s  
S2 and capaci tor  C2 charges  i n  the  oppos i te  d i r e c t i o n  from an i n i t i a l  va lue  v 
Switching opera t ion  i s  i l l u s t r a t e d  by the  waveforms shown i n  Fig.  2.7,  where, as be fo re ,  
= V + mV and 1 b  
2 b  b 
The network shown i n  Fig. Z . l (b) ,  where t h e  switch c loses  momentarily 
D1, VD2)' ) and d ischarge  vo l t ages  (V d2 
D 1  
D2' 
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D 1  V s1  
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VI 
c1 note  : 
I + -  
I 
- 
c l = c  = c  I 1  r) 
2 
2 
1 
s1 
I,,, 
0 
D2 s 2  V 
Fig. 2.6 Equivalent c i r c u i t  of capac i tor  switching network f o r  
constant-frequency operation. 
v is t h e  v o l t a g e  appearing between te rmina ls  1-2 of Fig. 2.1 . Hence, C 
vcl = vlc - v2s 9 
vc2 = vls - v2c 
(2.30) 
(2.31) 
1 = a2 = a,  Now, wi th  modulation of V and V as defined previous ly ,  and wi th  a 
b = b  = b , V  
(2.30) and (2.31) y i e l d s  
1 2 
= Vz, s u b s t i t u t i o n  of (2 .1) ,  (2 .2) ,  (2.31, and (2.4) i n t o  z1 = vz2 1 2  
v = a(IR1 + 2bmV) , (2.32) c1 
v = -a(IR2 - 2bmV) (2.33) 
c2 
The capac i to r  vo l t age  swing Av, during successive i n t e r v a l s  must be l e s s  than  t h e  
magnitude of v 
Therefore,  a t  t i m e  t = T 
o r  v c1 c2 by t h e  series vo l t age  drop and t h e  i n i t i a l  (discharge)  voltage.  
1' 
Av = a(I% + 2bmV) - (vD1 + VdL) , (2.34) 1 
- 13 - 
02 V 
I t 
I t 
Fig. 2.7 Modulator voltage waveforms for constant-frequency operation: 
(a) Q2 collector; (b) Q, emitter; .(e) Q, emitter, and 
(d) capacitor network. 
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and, a t  t i m e  t = T + T2, 1 
Av2 = a(IR2 - 2bmV) - (vD2 + Vd2) (2.35) 
Since t h e  charging c u r r e n t s  are both equal  t o  I/2, the pulse lengths  as determined 
from (2.34) and (2.35) a r e  
T1 = 2C[a(IR 1 + ZbmV) - (vD1 + Vdl ) ] / I  7 (2.36) 
T = 2C[a(IR2 - 2bmV) - (vD2 + V d 2 ) ] / I  2 (2.37) 
Addition of these  pulse  lengths  y i e l d s  an expression f o r  the  switching per iod 
T = 2C[aI(R 1 2  + R ) - (vD1 + VD2) - (Vdl + Vd2) 1 /I 3 (2.38) 
which is independent of m, i f  i n i t i a l  vo l tages  vDl, vD2 a r e  independent of m. 
is t r u e ,  then, t o  s impl i fy  n o t a t i o n ,  let vDl= vD2 = Vo, Vdl = Vd2 = Vd, and 
R1 = R2 = R. 
I f  t h i s  
For these  condi t ions ,  i t  can be  seen from (2.36) o r  (2.37) t h a t  i n  order  
t o  r e a l i z e  f u l l  modulation (m = &l)* one of the design c o n s t r a i n t s  must be 
2abV = a I R  - (Vo + Vd) (2.39) 
Using t h i s  c o n s t r a i n t  i n  t h e  expressions f o r  T and T2 from (2.36) and (2.37),we o b t a i n  1 
T1 = faRC[ 1 - (Vo + Vd) /a IRl (1  + m) 3 (2.40) 
T2 = 2aRC[1 - (Vo + Vd)/aIR](l  - m) 9 (2.41)) 
and the  switching frequency 
f = 1/4aRC[1 - (Vo + Vd)/aIR] (2.42) 
It can e a s i l y  be shown from (2.30) and (2.31) i n  t h e  gene ra l  case, t h a t  T1 
and T 
t o  i n c r e a s e  one and decrease t h e  o ther  while  t h e  pe r iod  remains constant .  I n  c o n t r a s t  
t o  t h i s  e f f e c t ,  corresponding values  of T1 and T2 found f o r  t h e  variable-frequency 
design w e r e  shown not  t o  be s e n s i t i v e  at  a l l  t o  vo l t age  changes, while d i v i d e r - r a t i o  
changes a f f e c t e d  both lengths  by t h e  same f a c t o r ,  r e s u l t i n g  only i n  a change i n  over- 
a l l  period. Pulse-length s e n s i t i v i t y  t o  component changes seems t o  be t h e  p r i c e  t h a t  
are s e n s i t i v e  t o  changes i n  zener voltages or  d i v i d e r  r a t i o s  i n  such a way as 2 
- 15 - 
must be paid t o  achieve constant-frequency opera t ion .  
That t h e  modulation process  i s  l i n e a r  wi th  m may aga in  be demonstrated by 
tak ing  the  average va lue  of t h e  output  waveform a t  Q given by (2.13),  and s u b s t i t u t -  
ing  f o r  T1 and T2 from (2.40) and (2.41).  
2’ 
Thus , 
- 
- (Vcc - IR/.2) + mIR/2 (2.43) v02 
The complement appears a t  t h e  c o l l e c t o r  of Q, and i s  given by 
- - vol - ( V c c  - IR/2) - mIR/2 (2.44) 
Q2 emi t te r  vo l t age  c o n s t r a i n t ,  determined from 1’ The sa tu ra t ion  cons t r a in t  and t h e  Q 
(2.2)’ (2 .3) ,  (2 .4) ,  (2.5) and (2.6)’  wi th  m = 21 (worst case)  are 
vcc - IR 2 - ‘be - Vz + b(Vb + V)] 3 (2.45) 
< a[Vcc - Vbe - V + b(Vb - V) - IR] ‘E ’ ‘be - 2 (2.46) 
A much-simplified vers ion  of t he  constant-frequency c i r c u i t  can be r e a l i z e d  i f  
i t  i s  no t  necessary t o  provide a complementary output .  This c i r c u i t ,  shown i n  Fig.  2.8 
i s  q u i t e  similar t o  t h e  correspondfng var iable-frequency design.  The modulation s i g n a l  
i s  appl ied  d i r e c t l y  t o  t h e  base of Q2.  
u r a t i o n  cons t r a in t  
The zener  diode i s  necessary t o  meet t h e  sat- 
V b + V < V  - I R  9 (2.47) - cc  
whi le  permi t t ing  f u l l  modulation t o  be achieved when m = 2 1. 
included i n  (2.47),  and t h e  condi t ion  t h a t  T1 = T 
U s e  of t h e  e q u a l i t y  
f o r  m = 0,  r e s u l t s  i n  2 
T1 = RC[1 - 2(V0 + Vd)/ IR]( l  + m) ’ (2.48) 
T2 = RC[1 - 2(V0 + Vd)/ IR]( l  - m) 9 (2.49) 
f = 1/2RC[1 - 2(V0 + Vd)/IR] (2.50) 
Also, t he  necessary I R  drop and zener  vo l t age  are given by 
(2.51) I R  = 2(V $. Vo + vd) 
- 1 6  - 
v , = I R - ( V  + V )  (2.52) o d  
Now, i f  a c o n s t r a i n t  is placed on t h e  minimum vo l t age  a t  t h e  emitter of Q 
must be chosen such t h a t  
then V 1’ 
(2.53) 
2.3 Capacitor switching; networks. 
Capacitor switching networks s u i t a b l e  f o r  u se  with t h e  c i r c u i t  of Fig.  2 .1  i n  
t h e  constant-frequency mode of opera t ion  are shown i n  Fig. 2.9 . I n  each network, a 
timing c a p a c i t o r  is discharged a t  the  beginning of a switching i n t e r v a l .  
i n  t h e  network of Fig. 2.9(a),  i f  t h e  cu r ren t  starts toward t h e  r i g h t ,  t r a n s i s t o r  Q 
d i scharges  C2 and then s a t u r a t e s  while C 
charges C and C charges. For t h i s  c i r c u i t ,  t h e  l e v e l  t o  which each capac i to r  is 
discharged i s  equa l  t o  t h e  s a t u r a t e d  co l l ec to r - emi t t e r  vo l t age  of t h e  d ischarge  t rans-  
i s t o r ,  and each capac i to r  charges through a base-emitter j u n c t i o n  which causes a 
For example, 
2 
charges; when t h e  cu r ren t  r eve r ses ,  Q, d i s -  1 
1’ 2 
vO 
Ql 92 
V 
Fig. 2.8 S impl i f ied  l i n e a r  constant-frequency modulator. 
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vo l t age  drop i n  s e r i e s  with t h e  charging cu r ren t .  
may be represented by t h e  equiva len t  c i r c u i t  of Fig.  2.6 and i t s  performance descr ibed  
by t h e  ana lys i s  of t h e  preceding sec t ion .  
The two-capacitor network, t h e r e f o r e ,  
It should be not iced  t h a t  i n  t h e  two-capacitor network, t h e  d ischarge  vo l t age  
across  t h e  timing capac i to r  a t  t h e  beginning of a switching i n t e r v a l  ( v  D 1  o r  v D2  ) i s  
always t h e  same p o l a r i t y  a s  t he  vo l t age  t o  which i t  charges a t  t h e  end of t h e  i n t e r v a l .  
Furthermore, t h e  vol tage  a t  t he  end of t h e  i n t e r v a l ,  j u s t  before  t h e  i n s t a n t  of switch- 
i ng ,  i s  g rea t e r  than t h e  d ischarge  l e v e l  V 
'0 = 'CE(sat))' ( i n  t h i s  ca se ,  0 
Ql 92 
1 2 c2 
Fig. 2.9 Capacitor switching networks f o r  p r a c t i c a l  r e a l i z a t i o n  of 
constant-frequency operat ion.  
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This is n o t  the  case,  however, f o r  the s ingle-capaci tor  networks shown i n  Fig. 2.9(b) 
and ( c ) ,  s i n c e  the  vo l t age  a t  t h e  end of an i n t e r v a l  may not  be s u f f i c i e n t  t o  e s t a b l i s h  
the  proper discharge l e v e l  a t  t h e  beginning of t h e  next  i n t e r v a l .  
an i n c r e a s e  i n  switching frequency at  high modulation l e v e l s ,  with a corresponding non- 
l i n e a r i t y  i n  t h e  modulation process.  An analysis  of t h i s  e f f e c t  is included i n  t h e  
following d i scuss ion  of t h e  s ingle-capaci tor  networks. 
This f a c t  causes 
I n  t h e  network of Fig. 2.9(b),  cur ren t  t o  t h e  r i g h t  causes Q, t o  discharge C 
through diode ijq, a f t e r  =hi.& C1 charges through i j 2  ziid the Zase-edtter junc t ion  of 
Q,; 
s i te  d i r e c t i o n  through D1 and t h e  base-emitter j unc t ion  of Q 
(c)  works i n  the  s a m e  way; t h e  use of complementary t r a n s i s t o r s  allows e l imina t ion  of 
two diodes.  
when t h e  cur ren t  reverses ,  Q, discharges C through Dg, and C charges i n  the  oppo- 
The network of Fig. 2.9 2' 
Careful  cons ide ra t ion  of t h e  s ingle-capaci tor  networks revea ls  t h a t  i f  the  
vo l t age  a c r o s s  t h e  c a p a c i t o r  a t  the  end of each switchinp. i n t e r v a l  is l a r g e  enough and 
of t h e  r i g h t  p o l a r i t y  t o  forward b i a s  t h e  discharge diode, t h e  a n a l y s i s  of t h e  pre- 
ceding s e c t i o n  descr ibes  t h e  ope ra t ion  of t h e  c i r c u i t ,  except t h a t  v = v = -V D1 02 0' 
I f ,  however, a t  some modulation l e v e l  one of the  pu l se  lengths  is so s h o r t  t h a t  t h e  
end-of-interval capac i tor  vo l t age  is not  s u f f i c i e n t  t o  forward b i a s  t h e  discharge 
diode, no discharge takes  p l a c e  and the  next  charging i n t e r v a l  begins  a t  t h e  charge 
l e v e l  of t h e  preceding i n t e r v a l .  I n  t h i s  mode of operat ion,  t h e  longer  pu l se  is in- 
dependent of m, switching frequency increases  with modulation l e v e l ,  and d i s t o r t i o n  
i s  present  i n  t h e  modulation process.  
If t h e  parameter r = (aIR - V ) / V  i s  introduced i t  may be shown t h a t ,  f o r  d o  
the  s ing le -capac i to r  networks, l i n e a r ,  constant-frequency ope ra t ion  is  obtained up t o  
a c r i t i c a l  modulation l e v e l ,  given by 
m = ( r  - l ) / ( r  + l), r 1 1  ( 2 . 5 4 )  
C 
For values  of m > m however; t h e  switching frequency becomes - c' 
( 2 . 5 5 )  
where f 
t o r t i o n  introduced i n  the modulation process  can be observed from t h e  expression f o r  
the  normalized modulator average output f o r  m 2 m 
is t h e  va lue  f o r  m 2 m 0 C given by (2.42) (with Vo replaced by -Vo). The d is -  
which can be shown t o  be 
C' 
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(2.56) 
f/fo 
- 
ON V 
I 
0 
1.0 
0.8 
0.6 
0.4 
0.2 
1 I I I 
0.2 0.4  0.6 0.8 
Modulation level m 
I 
1.0 
0 0.2 0.4 0.6 0.8 1.0 
Modulation level m 
Fig. 2.10 (a) Normalized switching frequency, f/fo, and (b) transfer 
characteristic for constant-frequency PWM design using 
single-capacitor switching network. 
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- 
piocs of f;fo an& ON VCLZ.UZ. iii foi saerd. ~ a l i i e ~  of i ai2 slioi+iii i - i l  Fig. 2.10. 
It should be  observed t h a t  t h e  frequency s h i f t  and dev ia t ion  from l i n e a r i t y  decrease 
as r inc reases .  Hence, it may be concluded tha t  t h e  s ing le-capac i tor  network, des i r -  
a b l e  f o r  i n t eg ra t ed -c i r cu i t  r e a l i z a t i o n  of t he  modulator, y i e l d s  performance t h a t  is 
q u i t e  s a t i s f a c t o r y  f o r  l a r g e  r (r  > 3 ) .  
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111. Development of a Pulse-Power Amplifier 
3 .1  A b a s i c  design. 
Several  b a s i c  output-s tage conf igura t ions  f o r  a PWM power ampl i f i e r  are shown 
Each c i r c u i t  provides  power t o  a low-impedance R-L load by a l t e r n a t e l y  i n  Fig. 3 . 1  . 
switching the load between equal  bu t  oppos i te  power-supply vol tages .  
t h e  following elements i n  common: 
The designs have 
(1) Two output t r a n s i s t o r s  wi th  s i m i l a r  ( o r  complementary) c h a r a c t e r i s t i c s ,  
(2) C l a m p  diodes,  necessary f o r  p ro tec t ion  of t h e  output  t r a n s i s t o r s ,  
(3) Need f o r  s u f f i c i e n t  base d r i v e  t o  e f f i c i e n t l y  switch t h e  output  t r a n s i s t o r s .  
It should be pointed out  t h a t  any of t h e  c i r c u i t s  shown can be  connected i n  a b r idge  
i f  only one power s u p p l y . i s  ava i l ab le .  For example, t he  b a s i c  c i r c u i t  of Fig.  3 . l ( a ) ,  
connected i n  a br idge  conf igura t ion ,  i s  shown i n  Fig.  3.2 . I f  t h e  supply vo l t age  i s  
twice V,then four  t i m e s  t h e  power output  f o r  t h e  same load can be obtained without  
i nc reas ing  the maximum vo l t age  across  any t r a n s i s t o r .  Although t h e r e  is some a d d i t i o n a l  
power d i s s ipa t ion ,  t h e  br idge  conf igura t ion  is d e s i r a b l e  f o r  many space app l i ca t ions  
because only one high-current ,  r e l a t i v e l y  unregulated supply i s  requi red .  Changes i n  
supply amplitude do not  unbalance t h e  output ,  and supply r i p p l e  only s l i g h t l y  modulates 
t h e  output .  
We a re  i n t e r e s t e d  i n  t h e  s e l e c t i o n  of a c i r c u i t  t h a t  e x h i b i t s  performance most 
l i k e  t h a t  of an i d e a l  swi tch ,  and with d r i v e  requirements t h a t  are most e a s i l y  s a t i s f i e d .  
Furthermore, t h e  s e l e c t i o n  must be made wi th  cons idera t ion  f o r  t he  design goa ls  of high 
e f f i c i e n c y  and ease of c i r c u i t  i n t eg ra t ion .  
The c i r c u i t  of Fig.  3 . l ( a )  o f f e r s  t h e  advantage of a l l -NPN design but  has  a 
s i g n i f i c a n t  disadvantage i n  t h a t  Q i s  dr iven  as an emitter fol lower.  I f  i t  i s  assumed 
t h a t  no suppl ies  l a r g e r  than +V and -V are a v a i l a b l e ,  and t h a t  r e a c t i v e  elements may 
not. be used, i t  i s  impossible  t o  achieve t h e  requi red  d r i v e  f o r  complete switching of 
Q,. 
output  could b e  as much as 25% of the  fu l l - load  power. A t y p i c a l  l o s s  va lue  f o r  t h i s  
same t r a n s i s t o r  dr iven  hard i n t o  s a t u r a t i o n  is 8%. Fa i lu re  t o  f u l l y  s a t u r a t e  one s i d e  
i s  a l s o  l i k e l y  t o  cause an undes i rab le  DC o f f s e t  i n  t he  output .  
1 
This means t h a t  Q i s  kept w e l l  ou t  of s a t u r a t i o n  and i t s  d i s s i p a t i o n  a t  f u l l  1 
The c i r c u i t  of Fig.  3 . l (b )  i s  s imi l a r  t o  t h a t  j u s t  considered wi th  one notab le  
except ion.  The switching of Q i s  accomplished by the  switching of Q,. I f  t h e  RIIBl 
vo l t age  drop is equal  t o  V 
i n  t h e  load. However, t h e r e  i s  s i g n i f i c a n t  d i s s i p a t i o n  i n  diode D s i n c e  i t  must 
ca r ry  t h e  load cur ren t .  This f a c t o r  d e t r a c t s  from t h e  usefu lness  of t h e  approach f o r  
l a r g e  power outputs .  
1 
of Q,, a l l  drops balance and t h e r e  i s  no DC o f f s e t  CE(sat) 
1’ 
- 22 - 
1 +v 
-V 
-V 
+V 
-V 
Fig. 3 .1  Basic output c ircui t  configuration 
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2v 
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I -u- 
Fig. 3.2 Bridge version of the circuit of Fig. 3 . l ( a )  
+V 
a 
4 
1 
-V 
Fig. 3.3 Basic pulse-power amplifier 
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The dua l  NPN-PNP emitter-follower c i r c u i t  shown i n  Fig. 3 . l ( c )  s u f f e r s  from 
t h e  same l i m i t a t i o n s  as the previous two c i r c u i t s  because i t  i s  both d i f f i c u l t  t o  
d r i v e  and has very high d i s s i p a t i o n .  
The PNP-NPN conf igu ra t ion  of Fig. 3.l(d) r ep resen t s  t h e  c l o s e s t  approximation 
t o  an i d e a l  swi tch  of t h e  f o u r  c i r c u i t s  shown. Both s i d e s  are e a s i l y  dr iven  i n t o  
s a t u r a t i o n  and i t  t h e r e f o r e  has balanced output levels. Even when mic roc i r cu i t  con- 
s t r u c t i o n  is a n t i c i p a t e d ,  t h e  advantages of using complementary t r a n s i s t o r s  f a r  out- 
1;eigh.s rhe increase in, mzrn~fecturicg d i f f i c u l t y .  Pcr Zhese reasms this c c z f i g u r a t i c z  
w a s  chosen f o r  t h e  output s t a g e  of t h e  pulse-power c i r c u i t  p resented  here.  
A convenient method f o r  d r i v i n g  t h e  complementary output  t r a n s i s t o r s  is t o  
employ another  complementary p a i r  as i l l u s t r a t e d  i n  t h e  b a s i c  design f o r  a pulse-power 
ampl i f i e r  shown i n  Fig. 3.3 . The opera t ion  of t h i s  c i r c u i t  w a s  described i n  S e m i -  
annual Report N o . 1 ,  [15],  and is repeated here i n  o rde r  t h a t  c e r t a i n  po in t s  may be 
emphasized. A PWM s i g n a l  amplitude of 2V i s  coupled t o  t h e  inpu t  through the  R a 
and C network. R and R l i m i t  t h e  base drive t o  Q and Q whi le  C provides a 
s l i g h t  amount of i n t e g r a t i o n  t o  help reduce switching l o s s e s  i n  t h e  output t r a n s i s t o r s .  
Q, and Q2 are a l t e r n a t e l y  dr iven  between cutoff and s a t u r a t i o n  t o  provide t h e  necessary 
base  d r i v e  t o  t h e  output  s t age .  
c u r r e n t  d i r e c t i o n  is oppos i t e  t o  t h e  conducting d i r e c t i o n  of t h e  "on" t r a n s i s t o r .  
When t h i s  occurs ,  clamp diode D1 or D 
1' R2 
1 1 2 1 2 1 
Q3 and Q, a l t e r n a t e l y  switch t h e  load cu r ren t  un le s s  
provides t h e  pa th  f o r  t h e  load cu r ren t .  2 
I n  order  t o  r e a l i z e  t h e  h igh  e f f i c i ency  inhe ren t  i n  t h e  process  of switching 
a t r a n s i s t o r  between cutoff  and s a t u r a t i o n ,  great care must be exerc ised  i n  t h e  
s e l e c t i o n  of t r a n s i s t o r s ,  choice of switching frequency, and t h e  d e t a i l s  of o v e r a l l  
c i r c u i t  design. 
3.2 D e s i u n  f o r  e f f i c i e n t  operat ion.  
A p r a c t i c a l  example w i l l  help i n  a d iscuss ion  of opera t ing  e f f i c i e n c y .  I n  
t h e  c i r c u i t  of Fig. 3.3, 
can b e  assumed t h a t  t h e  sum of t r a n s i s t o r  s a t u r a t i o n  resistance and inductor  r e s i s t a n c e  
is less t han  5 ohms, t he  maximum load current  w i l l  be about 209 m a .  This va lue  corre- 
sponds t o  a peak load-power c a p a b i l i t y  of about 2 w a t t s .  S ince  most power ampl i f i e r  
a p p l i c a t i o n s  r e q u i r e  peak power t o  be  supplied f o r  only a small p a r t  of t h e  t o t a l  
opera t ing  t i m e ,  t h e  power d i s s i p a t i o n  under standby (zero-input s i g n a l )  condi t ions  
is  of prime importance, e s p e c i a l l y  f o r  space app l i ca t ions .  I n  a switching power 
a m p l i f i e r ,  standby power is  consumed i n  t h e  following areas: 
= 50 ohms, Re = 1.2 kilohms, and Vcc = 12 v o l t s .  I f  i t  
(1) Ripple power i n  t h e  load,  
(2) Dr iver -c i rcu i t  power, 
(3) Switching l o s s e s  i n  t h e  output s tage.  
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Fig. 3.4(a) Base voltage waveform for circuit of Fig. 3.l(d) 
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Fig. 3.4(b) Block diagram of drive waveform compensation network 
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R i p p l e  p ~ ) y ~ _ r ,  p i s  the pnwer d i s s i p a t e d  in the load at s:..rit-hin" b fro- -&.. 
r 
quency. I n  order  t o  reduce P 
pass f i l t e r .  
bandwidth, whi le  t h e  switching frequency, f o ,  and t h e  f i l t e r  c h a r a c t e r i s t i c  determine 
t h e  amount of t h e  standby power d i s s i p a t e d  i n  the  load. 
t h e  r e s i s t i v e  load ( \ = 50Q) is made p a r t  of a low- r' 
The cutoff  frequency, fCO, of t h i s  f i l t e r  f i x e s  t h e  t o t a l  a m p l i f i e r  
For example, without t h e  cap- 
a c i t o r  a c r o s s  t h e  load i n  t h e  c i r c u i t  of Fig. 3.3, t h e  
(L = 500 ph, fo/fco = 5) reduces r i p p l e  power t o  about 
capac i to r  (C = .12 u f ) ,  however, allows r e a l i z a t i o n  of 
c h a r a c t e r i s t i c  which reduced P t o  25 mw. r 
simple L-\ combination 
100 mw. The a d d i t i o n  of t h e  
a second-order Riitterworth 
Most of t h e  d r i v e r - c i r c u i t  power, Pd, is d i s s i p a t e d  i n  r e s i s t o r  R . I f  each 
C 
of t h e  output  t r a n s i s t o r s  has h = 25,  f o r  example, t h e  base cu r ren t  needed t o  supply f e  
200 m a  t o  t h e  load is about 8 ma .  With allowance f o r  t h e  f ixed  vol tage  drops i n  t h e  
c i r c u i t ,  a va lue  of R = 1.2  kilohms m e e t s  t h i s  requirement. S ince  t h e  base  cu r ren t  
i s  suppl ied  r ega rd le s s  of t h e  load demand, t he re  is  about 100 mw of standby-power l o s s  
a s soc ia t ed  wi th  t h e  d r i v e  c i r c u i t r y .  
h fe  of t h e  output  t r a n s i s t o r s  i s  h igher  than the 25 used i n  t h i s  example. 
C 
The l o s s  is obviously reduced i f  t h e  minimum 
Switching l o s s e s ,  Po, cont r ibu ted  by the output s t a g e  can be a t t r i b u t e d  t o  
t h e  fo l lowing  causes: 
(1) 
(2) 
Di f fe rence  i n  turn-off and turn-on t i m e s  of t h e  output t r a n s i s t o r s ,  
Frac t ion  of switching period spent by t h e  t r a n s i s t o r s  i n  t h e i r  a c t i v e  
reg ions  , 
(3) Clamp-diode conduction l o s s .  
An important problem i n  t h e  design of t h e  output s t a g e  arises because t h e  
turn-off t i m e  of a power t r a n s i s t o r  may exceed t h e  turn-on t i m e  by a s i g n i f i c a n t  
amount [16]. This problem, caused by l a r g e  s to rage  t i m e  due t o  s a t u r a t i o n ,  l eads  to 
very high l o s s e s  t h a t  occur dur ing  swi tch ing  t r a n s i t i o n s  when both  (or a l l  f o u r  i n  
t h e  b r i d g e ) ,  t r a n s i s t o r s  may be on, which, i n  e f f e c t ,  c r e a t e s  an ins tan taneous  s h o r t  
on t h e  power supp l i e s .  
which t u r n  t h e  "on" t r a n s i s t o r  o f f ,  before  switching t h e  "off" t r a n s i s t o r  on. 
compensating waveforms are shown i n  Fig. 3.4(a) f o r  d r iv ing  t h e  c i r c u i t  of 3 . l ( d ) .  
H e r e  A t  should be equal  t o  t h e  t o t a l  d i f f e rence  between t h e  turn-off and turn-on t i m e s  
of t h e  power t r a n s i s t o r .  
wi th  a deadband region,  preceded by an RC i n t e g r a t i o n  network, as i n  t h e  block diagram 
of Fig. 3.4(b).  
i n t o  3 - s t a t e  mode of opera t ion  and, although t h i s  may be d e s i r a b l e  i n  r a r e  a p p l i c a t i o n s ,  
i t  should be  avoided here.  Furthermore, i t  should be noted t h a t  t h e  dynamic range 
of t h e  power a m p l i f i e r  is l imi t ed  by in t roducing  t h e  compensation. 
The obvious s o l u t i o n  involves one of c r e a t i n g  d r i v e  waveforms 
Such 
These waveforms can be e a s i l y  generated by a d u a l  swi tch  
It should be pointed out t h a t  a very l a r g e  A t  w i l l  f o r c e  t h e  output  
It can be shown 
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y ( t )  and PWM Input  S igna l  
Fig. 3 . 5  Pulse-power a m p l i f i e r  waveforms 
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that  t he  m z x h l l m  %c?dulation before  the  output jumps t o  t h e  supply l e v e l  i s  given by: 
where T is t h e  switching per iod.  
The s imple method of e l imina t ing  momentary sho r t - c i r cu i t i ng  of t h e  power supply 
ou t l ined  above has been u t i l i z e d  i n  t h e  input  c i r c u i t  of t h e  b a s i c  des ign  shown i n  
Pig. 3.3 . A look a t  t h e  p o s i t i v e  power-supply currerii waveIUxm of Fig. 3.5(a) ,  for 
C = 0, shows cu r ren t  sp ikes  of 400 m a  which occur during switching t r a n s i t i o n s .  A 
g raph ica l  ca l cu la t ion  of t he  power l o s s  associated with t h i s  sp ike ,  based on 
1 
= 12 v o l t s  and f = 100 kc, y i e l d s  200 mw. This  l o s s ,  it should be noted,  would 
inc rease  l i n e a r l y  with frequency. The power-supply cu r ren t  sp ikes  may be a t tenuated  
by adding capac i tance ,  and, as shown in Fig.  3 .5(b) ,  are completely e l imina ted  when 
C1 = 1680 pf .  
rise and f a l l  of t h e  output  waveform has vanished. The d r i v e  vol tage  f o r  t h e  power 
s t a g e  is shown in Fig. 3 .5(c) .  
propagat ion de lay  i n  excess  of 2 u s .  
"CC 0 
Not only has t h e  cu r ren t  sp ike  disappeared,  bu t  t h e  raggedness i n  the  
Notice t h a t  the i n t e g r a t i o n  network in t roduces  a 
Fig. 3.6 g raph ica l ly  d i sp l ays  t o t a l  standby-power l o s s  vs. switching frequency 
f o r  t h r e e  va lues  of C1. 
vo l tage  a c r o s s  % a t  low switching rates. 
an f 
is  t h a t  t h e  400 m a  cu r ren t  sp ikes  observed on t h e  t e s t e d  breadboard a r e  l imi t ed  i n  
amplitude by the  p a r t i c u l a r  c i r c u i t  impedance when t h e  two power t r a n s i s t o r s  a r e  on 
s imultaneously.  There is  no guarantee t h a t  higher amplitude sp ikes  would not  appear 
with o the r  layouts  and d i f f e r e n t  suppl ies .  
The rise i n  l o s s e s  below 50 kc is  caused by t h e  h igh  r i p p l e  
A t  f i r s t  glance,  i t  appears t h a t  by choosing 
of 70 kc, opera t ion  wi th  C, = 0 is  acceptable .  The f a l l a c y  i n  t h i s  reasoning 0 ... 
The switching loss assoc ia ted  with the t i m e  t h e  output  t r a n s i s t o r s  spend i n  
t r a n s i t i o n  between cu tof f  and s a t u r a t i o n  depends on t h e  choice of switching frequency. 
This loss may be made q u i t e  small when f 
s i s t o r s  w i th  an f > 200 m c ,  s i n c e  rise and f a l l  t i m e s  are i n  the  100-200 n s  range. 
= 100 kc, b y ' t h e  s e l e c t i o n  of output  t ran-  0 
T -  
The power l o s s  a t t r i b u t e d  t o  t h e  clamp diode conduction process  is  a l s o  s m a l l ,  
a s  can be seen by observat ion of t h e  diode-current waveform of Fig. 3 .7(c) .  With 
complete compensation (C = 1680 p f ) ,  i t  i s  estimated t h a t  t o t a l  switching l o s s  of 
t he  output  s t a g e  is P = 25 mw. 
i n d i c a t e s  an o v e r a l l  standby-power l o s s  of about 150 mw, which is  i n  good agreement 
with a c t u a l  measurement (see Fig. 3.6). It should be noted t h a t  t he  va lue  of 150 mw 
r ep resen t s  less than  10% of t h e  peak-power capab i l i t y  of t h e  b a s i c  pulse-power 
ampl i f i e r  . 
1 
This  f i g u r e ,  added t o  Pd = 10- and Pr = 25 mw 
0 
- 29 - 
2.5 
v) 2.0 
c1 
* Denotes Cx = 250 pf 
(See s e c t i o n  3 . 4 )  
0 
I 
1 
5 0  100 150 200 
Switching Frequency (kc) 
Fig. 3 . 6  Standby power lo s s  
3 . 3  Power s tage  d i s t o r t i o n .  
The second major area of i n t e r e s t  when d iscuss ing  pulse-power s t a g e s  i s  the  
d i s t o r t i o n  introduced by c i r c u i t  n o n l i n e a r i t i e s .  This  d i s t o r t i o n  i s  analagous t o  t h e  
cross-over d i s t o r t i o n  encountered i n  t h e  design of class-B power ampl i f i e r s  and should 
no t  be confused with t h e  sideband d i s t o r t i o n  d iscussed  i n  Chapter I V  of t h i s  r epor t .  
Consequently, d i s t o r t i o n  ca l cu la t ions  presented here  do not  inc lude  e i t h e r  t h e  e f f e c t  
of t he  switching frequency o r  spur ious  s i g n a l s  caused by the  bea t ing  of input  s i g n a l  
harmonics with the  switching frequency. 
3 . 3 . 1  Clamp-diode e f f e c t s .  
The two clamp diodes across  t h e  output  l i m i t  t he  t r a n s i s t o r  d i s s i p a t i o n  during 
the t i m e  i n t e r v a l  when t h e  vo l t ages  on the  base ,  emitter and c o l l e c t o r  are so  polar ized  
as t o  cause backward t r a n s i s t o r  a c t i o n  ( i . e . ,  emi t te r  becomes c o l l e c t o r ) .  Inspec t ion  
of the  current  waveforms of Fig. 3 . 7  shows t h a t  t he  diode conducts only f o r  t h a t  p a r t  
of t he  t i m e  when the  load cu r ren t  exceeds t h e  6 I backwards cu r ren t  i n  t h e  on-biased 
output  t r a n s i s t o r .  I n  t h e  b a s i c  power s t a g e  under cons idera t ion ,  IB = 8 m a  and, s i n c e  
6 i s  normally between 1 and 3 ,  i t  i s  r e a l i s t i c  t o  expect a r eve r se  t r a n s i s t o r  cu r ren t  
as l a r g e  as 25 ma. This va lue  i s  i n  c lose  agreement with t h e  p i c t u r e  of Fig.  3 . 7 ( b ) .  
Without a clamp diode,  t h e  vo l t age  a t  t h e  c o l l e c t o r  of Q, would rise (because of t h e  
induc to r ) ,  increas ing  I u n t i l  B I equaled t h e  instantaneous r i p p l e  cu r ren t .  This 
would not  only y i e l d  a high cu r ren t  i n  the  t r a n s i s t o r ,  bu t  a l s o  a r e l a t i v e l y  h igh  V 
R B  
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I f  t h e  load cur ren t  were l a r g e ,  i t  i s  conceivable  t h a t  t r a n s i s t o r  breakdown might occur .  
For low va lues  of modulation each t r ans i s to r -d iode  p a i r  opera tes  €o r  p a r t  of 
t h e  switching cycle .  A s  t h e  modulation increases ,  t he  t i m e  average of t he  output  does 
not  change l i n e a r l y  because of t h e  change i n  t h e  percentage of t h e  t i m e  t h a t  t h e  diodes 
conduct. Beyond a c r i t i c a l  value of modulation (m*), t h e  r i p p l e  cu r ren t  i n  t h e  load 
always exceeds t h e  8 I demand of one t r a n s i s t o r  s o  t h a t  i t  never  comes on i n  t h e  
normal conducting mode. This e f f e c t  causes  unbalanced output  levels 
R B  
v = vcc + Vd 1 
v = - ( V  cc - 'CE(sat) ) 2 
and r e s u l t s  i n  a s l i g h t  i nc rease  i n  vo l t age  ga in  f o r  m * < m < l  ( s ee  Fig.  3.8). 
- 
'cc "CE(sat) 
/-Vd 
-["cc - "CE(sat) 1 
Fig. 3.8 Clamp diode e f f e c t  on t r a n s f e r  c h a r a c t e r i s t i c  
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n.L rilere - aie two direct s~l i i t i~ i i s  to t h c  cl=;-di~i?e p r ~ b l c a .  In the  f i r s t ,  i f  2 ~ ~ l e a g e  
- ] could be derived f o r  clamping, t h e  upper clamp l e v e l  
cc - 'd 'CE(sat) equa l  t o  [V 
would become 
- v = v  1 cc - 'd 'CE(sat) i- 'd 
, (3.4) 
which would provide a symmetrical output  waveshape (around ground) f o r  a l l  va lues  of m. 
Unfortunately,  i t  would t a k e  a very l a r g e  amount of power t o  c r e a t e  t h e  requi red  clamp 
vo l t age  and t h i s  s o l u t i o n  would not  normally be  p r a c t i c a l .  
The second s o l u t i o n  is t o  use  as l a rge  a supply vo l t age  as is p r a c t i c a l  t o  
reduce t h e  percentage of t h e  output swing represented by V 
where V = 12 v o l t s ,  m* is 30%, and t h e  harmonic d i s t o r t i o n  a t t r i b u t a b l e  t o  t h e  clamp 
diodes,  computed from t h e  c h a r a c t e r i s t i c  shown i n  Fig. 3.8 by a Four ie r  a n a l y s i s ,  is 
2.2% a t  f u l l  output.  
For t h e  b a s i c  ampl i f i e r  d' 
c c  
3.3.2 D i s t o r t i o n  caused by compensation. 
By f a r  t h e  major p a r t  of t h e  d i s t o r t i o n  created i n  t h e  power ampl i f i e r  is  due 
t o  c a p a c i t i v e  e f f e c t s ,  even i n  t h e  uncompensated ampl i f i e r .  Fig. 3.9 shows waveforms 
a t  t h e  base  of d r i v e  t r a n s i s t o r s  Q, and Q,, f o r  C1 = 0 and C1 = 1680 p f .  Notice t h a t  
even f o r  C1 = 0, t h e r e  i s  a s l i g h t  exponential  rise and f a l l  due i n  p a r t  t o  t h e  d i s -  
t r i b u t e d  capac i tance  of t h e  breadboard and i n  p a r t  t o  t h e  f i n i t e  rise and f a l l  t i m e  
of t h e  input-pulse generator .  
of rise and f a l l  t i m e s  which accomplishes the power-loss r educ t ion  mentioned i n  
s e c t i o n  3.2 . The e f f e c t  of increased  r i s e  and f a l l  t i m e s  on t h e  dynamic range has 
a l ready  been discussed. 
i n d i c a t e  t h a t  d i s t o r t i o n  inc reases  as r i s e  and f a l l  t i m e s  i nc rease  (C = 0, 680 pf 
and 1680 pf) .  
s e c t i o n  j u s t  above m = m*, i n d i c a t i n g ' t h a t  i f  t h e  two output  clamp l e v e l s  w e r e  equa l  
(m* = 0), t h e  curves would a l l  have t h e  same small-signal gain.  Appendix A provides 
an a n a l y s i s  f o r  m* = 0 t h a t  exp la ins  t h e  non l inea r i ty  of t h e  t r a n s f e r  c h a r a c t e r i s t i c s  
based on t h e  exponent ia l  n a t u r e  of t h e  drive waveforms a t  t h e  base  of Q, and Q2. 
With C1 = 1680 pf t h e r e  i s  a cons iderable  lengthening 
The t r a n s f e r  c h a r a c t e r i s t i c s  shown i n  Fig. 3.10 c l e a r l y  
1 
Notice t h a t  t h e  s lope  of each of t h e  t h r e e  curves is equal  f o r  t h e  
A Four ie r  a n a l y s i s  of t h e  C = 1680 pf curve (approximated by s t r a i g h t  l i n e s )  1 
w a s  performed and t h e  harmonic d i s t o r t i o n  f o r  a s i n u s o i d a l  i npu t  whose amplitude would 
cause 80% modulation w a s  ca l cu la t ed  t o  be  15.1%. 
i f  t h e  power s t a g e  w e r e  t o  be used as a motor d r i v e r ,  bu t  would c e r t a i n l y  be  objection- 
a b l e  f o r  audio a p p l i c a t i o n s ,  even wi th  a l a rge  amount of AC feedback. 
This d i s t o r t i o n  might be accep tab le  
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Fig. 3.9 Q and Q base vo l t age  waveforms 
1 2 
-10 v/cm 
-2 ps/cm 
-2 v/cm 
-10 vlcm 
-2 ps/cm 
-1 v/cm 
- 34 - 
h 
a 
U 
rl 
P 
W 
al 
cd 
4.J 
4 
0 > 
U 
7 a 
U 
1 
0 
V 
m 
a 
12.5 
10.0 
7.5 
5.0 
2.5 
0 -25 .50 .75 1.0 
Modulation (m) 
Fig. 3.10 Transfer characteristic for simple compensation 
3 . 4  DesiEn optimization. 
There are sevexal undesirable aspects of the compensation network presented as 
part of the "basic pulse-power amplifier". 
because of the large C necessary to reduce the switching-power loss, it causes the 
amplifier to be sensitive to both amplitude and DC average level of the input. This 
can cause an output DC offset when the input duty cycle is 50% (m = 0) which not only 
yields higher standby losses, but results in a non-symmetrical tratlsfer characteristic. 
Furthermore, the capacitor size required (1680 pf) is beyond the desirable range for 
microcircuit applications. 
In addition to creating excessive distortion 
A compensation network which alleviates these problems has been developed 
and evaluated and is shown with a complete power stage in Fig. 3.11 . The advantages 
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of t h i s  network are: 
(1) Not s e n s i t i v e  t o  input l e v e l  or  amplitude as long as i ts  swing exceeds 
two diode drops on e i t h e r  s i d e  of ground, 
The capac i to r  peak vol tages  a r e  clamped a t  two diode drops,  g r e a t l y  re- 
ducing t h e  exponent ia l  e f f e c t s  t h a t  l ead  t o  high d i s t o r t i o n ,  
A smaller capac i to r  can be u s e d  t o  accomplish t h e  requi red  de lay  because 
of t h e  i n c r e a s e  in  switching l e v e l s  and c i r c u i t  r e s i s t ance .  
(2) 
(3) 
With Cx'= 250 pf t h e  power-supply spike cu r ren t  (see Fig. 3.5) is removed and 
t h e  standby power vs.  swi tch ing  frequency curve is  v i r t u a l l y  t h e  same as t h a t  f o r  
C = 1680 pf (see Fig. 3.6). 1 
An a n a l y s i s  of t h e  l i m i t a t i o n s  of t h i s  type of compensation network is con- 
t inued  i n  Appendix A. For our t i m e  constant  T = 2.5 us, switching l e v e l s  of 
+ 1.5 v o l t s ,  and f o r  f = 100 kc (T = 10 vs), t h e  curve of Fig. A.4 p r e d i c t s  a peak 0 
modulation of m = 0.9 wi th  l i n e a r  ope ra t ion  up t o  t h a t  l e v e l .  
t r a n s f e r  c h a r a c t e r i s t i c  f o r  C Considering t h e  f a c t  t h a t  t h e  a n a l y s i s  of 
Appendix A neg lec t s  t h e  clamp-diode e f f e c t s ,  w e  f i n d  very c lose  agreement wi th  pre- 
d i c t e d  behavior.  
-
Fig. 3.12 shows an a c t u a l  
= 250 pf.  
X 
The computed harmonic d i s t o r t i o n  f o r  an inpu t  modulation of m = 0.9 is 4.01, 
which is approximately one q u a r t e r  of t h e  d i s t o r t i o n  f o r  C1 = 1680 pf i n  t h e  previous 
conf igu ra t ion ,  even though t h e  degree of modulation is higher.  
the d i s t o r t i o n  due t o  t h e  clamp d iodes  alone is  i n  excess of 2% f o r  an i d e a l  t r a n s f e r  
c h a r a c t e r i s t i c ,  t h e  4.0% f i g u r e  is q u i t e  r e a l i s t i c .  Another po in t  of i n t e r e s t  i s  ap- 
parent  a f t e r  c a r e f u l l y  comparing t h e  circled p o i n t s  of Fig. 3.12 t o  t h e  a c t u a l  curve. 
These p o i n t s  w e r e  taken wi th  C = 0, leaving only t h e  s t r a y  capac i tance  of t h e  bread- 
board ( inc luding  t h e  inpu t  capac i tance  of Q, and Q ) t o  provide t h e  i n t e g r a t i o n .  
rough estimate of t h e  t i m e  constant  under these cond i t ions  i s  0.5 ps. Applying t h i s  f i g -  
u r e  t o  t h e  curve f o r  maximum m i n  Appendix A, it  can be seen t h a t  t h e  computed va lue  of 
m = 0.98 is wi th in  measurement accuracy o f  the c i r c l e d  p o i n t s  of Fig. 3.12. 
then, i t  can be concluded t h a t  t h e  range of capacitance requi red  f o r  minimizing standby 
power causes l i t t l e ,  i f  any, degradation i n  performance from a d i s t o r t i o n  p o i n t  of view. 
3.4.1 Capacitor s i z e  cons idera t ions .  
I f  i t  is r e c a l l e d  t h a t  
X 
A 2 
F i n a l l y ,  
I n  an i n t e g r a t e d  c i r c u i t ,  a capaci tor  of 250 pf r equ i r e s  t h e  same chip area 
(approximately 500 sq. mi l s )  a s  t h a t  necessary t o  make about 30 low-power switching 
t r a n s i s t o r s .  The va lue  of C could be lowered s i g n i f i c a n t l y  by inc reas ing  t h e  s i z e  of 
t h e  deadband between switching l e v e l s .  For example, i f  6V zener d iodes  w e r e  used i n  t h e  
emitters of Q, and Q2 of t h e  b a s i c  ampl i f i e r ,  t h e  capac i tance  requi red  would be only 
50 pf .  
l e v e l s  on t h e  PWM inpu t  s igna l .  
X 
The p r i c e  t h a t  is pa id  f o r  t h i s  reduct ion  is an inc rease  t o  & 6.7 v o l t  minimum 
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3 . 5  A signal-switched br idge  c i r c u i t .  
As  was prev ious ly  mentioned t h e  br idge  output  conf igura t ion  i s  o f t e n  d e s i r a b l e  
because i t  s a t i s f i e s  many system requirements. The one real  d i f f i c u l t y  i n  t h e  design 
of t h i s  type  of output i s  t h a t  t h e  four  power t r a n s i s t o r s  must switch s imultaneously.  
A method of modulation t h a t  permits  t h e  use of a br idge  output  and does not  r e q u i r e  
a soph i s t i ca t ed  compensation network approach i s  ou t l ined  i n  block form i n  Fig. 3 . 1 3  . 
Here, t h e  input  s i g n a l ,  s ( t ) ,  d r ives  a zero-crossing d e t e c t o r  i n  a d d i t i o n  t o  
a synchronous pulse-width modulator. 
s ta te  output  wi th  t r i g g e r  l e v e l s  balanced around ground. These l e v e l s  should be  s m a l l  
s o  t h a t  t h e  output deadband i s  correspondingly s m a l l .  I f  a complementary output  i s  
a v a i l a b l e  from the  de t ec to r ,  t h e  lower p a i r  of t r a n s i s t o r s  (T and T ) i n  t h e  br idge  
toggle  a t  the s i g n a l  rate,  and are both o f f  f o r  t h e  de t ec to r  deadband i n t e r v a l .  
Furthermore, t h e  d e t e c t o r  ou tputs  are used t o  d r i v e  t r a n s i s t o r  ga t e s  G 
al low the  modulator output  t o  switch only one of t he  top t r a n s i s t o r s  i n  t h e  br idge  
(T1 o r  T 2 ) .  
T i s  "on" and g a t e  G i s  c losed ,  permi t t ing  t h e  modulated s i g n a l  t o  switch T a t  t h e  4 1 1 
higher  r a t e .  On a l t e r n a t e  ha l f  cyc les  of t h e  inpu t ,  T i s  "on", and t h e  g a t e  G 
t r ansmi t s  the PWM s i g n a l  t o  T 
The zero-crossing d e t e c t o r  must have a three-  
3 4 
and G2 which 1 
With re ference  t o  t h e  waveforms i n  Fig.  3 . 1 3 ,  when t h e  s i g n a l  i s  p o s i t i v e ,  
2 '  3 
2 '  
Even though t h i s  approach t o  output-s tage design has  not  been f u l l y  eva lua ted ,  
i t  is f e l t  tha t  the  s u b s t a n t i a l  reduct ion  i n  t h e  number of simultaneous power- t ransis tor  
t r a n s i t i o n s  not  only w i l l  e l imina te  the  need f o r  a compensation network, bu t  w i l l  save  
enough i n  standby power t o  o f f s e t  t h e  a d d i t i o n a l  c i r c u i t r y  requi red .  There i s  
obviously some crossover  d i s t o r t i o n  and probably some l i m i t a t i o n  t o  t h e  r e a l i z a b l e  
dynamic range. Before a complete s t o r y  can be t o l d  about t h i s  s p e c i a l  b r idge  c i r c u i t ,  
i t  must be  b u i l t  and checked, both a n a l y t i c a l l y  and experimental ly ,  f o r  d i s t o r t i o n  
and lo s ses .  
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IV. A PWM Power Amplifier 
The use of pulse-width modulation for power amplification permits the real- 
ization of the following basic criteria for space-age electronics systems: 
(1) High reliability , 
( 2 )  High efficiency , 
(3) Small size. 
Transistors or electron tubes used in conventional audio amplifier design 
must be operated within their linear, active ranges. Hence, performance is quite 
sensitive to the effects of environmental changes and component aging. 
sensitivity of a pulse-width modulation system, however, is much lower, since individual 
stages act as switches and performance is not degraded unless switching transistions 
are actually inhibited. 
is limited to within a range of 30-452, while a typical value for a switching ampli-fier 
could be in the range of 65-75%. 
supply and smaller packaging is possible because of lowered heat dissipation for 
comparable output levels. 
form is feasible, since procedures are the same as those employed for digital logic 
circuits. 
Corresponding 
Furthermore, the efficiency of a conventional power amplifier 
Hence, smaller demand is made on a space-craft power 
Implementation in silicon monolithic integrated circuit 
It is anticipated that PWM techniques are particularly adaptable to space- 
craft communication, control and telemetry systems. As an interesting example of the 
technological advantages attainable when digital techniques are used to perform linear 
power amplification, consider the high-fidelity stereo system shown in the block 
diagram of Fig. 4.1 . 
causes a linear pulse-width modulation of a high-frequency pulse train. 
train controls the switching of a pulse-amplifier stage, which in turn provides the 
power to drive an array of loudspeakers. Since the loudspeaker array acts as a low- 
pass filter, the audible output is a faithful replica of the low-level tape-recorder 
signal. 
In this audio system, the low-level signal from the tape recorder 
The pulse 
The PWM power amplifier used in this system is designed to deliver about 1 watt 
of audio power to a 50-ohm load from a low-impedance source of 0.5 volts peak-to-peak. 
The complete circuit, shown in Fig. 4.2, includes the simplified linear, variable- 
frequency modulator discussed in Chapter I1 and the pulse-power amplifier discussed 
in Chapter 111. 
are performed by transistor Q 
amplifier, less volume control, load filter, and feedback network is shown in Fig. 4.3 . 
The circuit is also well-suited for realization in integrated form (see Section 4.1). 
Buffering and level-shifting between modulator and the power stages 
A printed-circuit version of the and zener diode Z1. 5 
- 41 - 
Fig. 4.1 Stereo system utilizing a PWM power amplifier 
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Fig. 4 . 3  A printed-circuit version of the PWM power amplifier 
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output ,  a zero-signalfrequency of 100 kc w a s  chosen. 
cu tof f  frequency of 20 kc y i e l d s  a r a t i o  f /f 0 co 
than adequate f o r  suppression of t h i s  type of d i s t o r t i o n  [ 9 ,  10, 111. 
c a l l e d ,  however, t h a t  switching frequency and modulation l e v e l  are r e l a t e d  ( f o r  t h e  
l i n e a r ,  variable-frequency design) by the  expression 
This value,  along with an audio 
= 5, which has been shown t o  be pore 
It should be  re- 
and t h e r e f o r e  a value of m = 0.9 br ings  t h e  switching frequency t o  t h e  edge of t h e  
audio band. However, l i s t e n i n g  tests with audio program m a t e r i a l  containing peaks 
corresponding t o  m = 0.9 show no d iscernable  intermodulat ion d i s t o r t i o n .  
of m = 0.9 is a p r a c t i c a l  l i m i t  f o r  another  reason: t h e  d i f f e r e n t i a l  a m p l i f i e r  t h a t  
c o n t r o l s  t h e  modulator c u r r e n t s  becomes nonl inear  beyond t h i s  l e v e l  of modulation. 
The va lue  
The low-pass f i l t e r ,  including t h e  50-ohm load is matched t o  a second-order 
Butterworth c h a r a c t e r i s t i c ,  with cutoff  frequency f = 20 kc. The low-frequency 
cu tof f  is determined by t h e  s t a b i l i z a t i o n  loop employed t o  reduce DC o f f s e t  i n  t h e  
load. 
input  r e s i s t a n c e  of t h e  d i f f e r e n t i a l  ampl i f ie r  s t a g e ,  Rf and C make up t h e  feedback 
network, and k is  t h e  e f f e c t i v e  system gain.  The proport ion of the  load vo l t age  f e d  
back, 8 ,  and t h e  eqciivalent t i m e  constant ,  T, a r e  def ined on t h e  diagram. It can 
e a s i l y  be shown t h a t  t h e  system t r a n s f e r  funct ion is  given by 
co 
A low-frequency m o d e l  f o r  the  ampl i f ie r  is s h m  i n  Fig. 4.4, where R. is t h e  
1 
where 
T~ = T / ( 1  + k8) 
Hence, t h e  low-frequency 
1 3M,  Rf = 24M, and Ri 
i n  t h i s  design maintains  
ope ra t ing  condi t ions.  
cu tof f  is f l  = l /T1 and, f o r  t h i s  
C = 5pf,  f l  = 50 cps. The amount 
(4.3) 
system, with k = 40, 
of DC s t a b i l i z a t i o n  provided 
t h e  DC o f f s e t  i n  the load w e l l  below lOOmv under normal 
With a t o t a l  standby power l o s s  of 240 mv (about 10% of t h e  peak power 
c a p a b i l i t y  of t h e  a m p l i f i e r ) ,  system ef f ic iency  €or  a sine-wave s i g n a l  a t  f u l l  output  
(m = 0.9) is  69%. The vo l t age  across  the  load at  t h i s  l e v e l  of modulation is  shown i n  
Fig. 4 .5(a) .  
frequency r i d i n g  on t h e  s i g n a l .  
The b lur red  aspect  of t h e  waveform is  due t o  t h e  res idue  of t h e  switching 
The e f f e c t  of overdriving t h e  ampl i f ie r  is  shown i n  
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Fig. 4.5 Load vo l t age  waveforms (f S = 500 cps) 
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Fig. 4.5(b) and ( c ) .  The decrease i n  switching frequency with inc rease  i n  modulation 
l e v e l  can be observed. 
waveform, modulator switching has  ceased. 
During t h e  time assoc ia ted  with t h e  f l a t  por t ions  of t h e  
Laboratory tests of the  ampl i f i e r ,  with a 50-ohm r e s i s r i v e  load,  y i e l d  a har- 
monic d i s t o r t i o n  f i g u r e  of 2% f o r  m = 0.9 (peak), which is less than what might be 
p red ic t ed  from the  d iscuss ions  of Chapter I1 and 111. 
t h a t  t h e  ind iv idua l  modulator and power-stage t r a n s f e r  c h a r a c t e r i s t i c s  are comple- 
mentary, i.e., they tend t o  compensate one another.  A n  o v e r a l l  t r a n s f e r  c h a r a c t e r i s t i c  
is shown in Fig. 4 .6(a) ,  while  a curve of harmonic d i s t o r t i o n  versus  output  power is 
given i n  Fig. 4.6(b).  Amplifier spec i f i ca t ions  are summarized i n  Table 4 -1  . 
4 . 1  Mic roc i r cu i t  cons idera t ions .  
It should be noted,  however, 
S ince  t h e  ampl i f i e r  presented i n  t h i s  chapter  w a s  designed with mic roc i r cu i t  
l i m i t a t i o n s  i n  mind, some d iscuss ion  of poss ib le  r e a l i z a t i o n  i n  in t eg ra t ed  form is 
i n  o rde r  here .  Because two PNP t r a n s i s t o r s  are used i n  t h e  power s t a g e ,  a dua l  ch ip  
layout  is required.  A t  t h i s  wr i t i ng ,  no PNP t r a n s i s t o r s  wi th  low V 
and h igh  f3 have been made on t h e  same chip  with comparable NPN u n i t s .  A s  i l l u s t r a t e d  
i n  Fig. 4.7, t h e r e  would be s i x  components on t h e  PNP chip. 
t h e  d o t t e d  o u t l i n e s  on t h e  schematic and are  l abe led  on t h e  ch ip  cross-sect ion diagram. 
A look a t  t h e  ampl i f i e r  schematic shows t h e  PNP's cross-coupleawi th  t h e  two NPN's. 
No f u r t h e r  amount of layout  s o p h i s t i c a t i o n  can e l imina te  any of t h e  s i x  leads  necessary 
f o r  in te rconnec t ion  of t h e  NPN and PNP chips. 
high fT ,  CE ( s a t )  ' 
These are shown wi th in  
Both chips  m u s t  be e l e c t r i c a l l y  i s o l a t e d  from the  package because one s u b s t r a t e  
would be at  -V and t h e  o t h e r  a t  +V. Even though t h i s  is  somewhat de t r imenta l  t o  
thermal conduct iv i ty ,  t h e r e  should be  no problem wi th  t h i s  ampl i f i e r  because t h e  m a x -  
i m u m  d i s s i p a t i o n  ( f u l l  ou tpu t ) ,  on t h e  PNP chip i s  120 mw and on t h e  NPN chip  is about 
180 mu. With 300 mw of t o t a l  d i s s i p a t i o n  in s ide  t h e  package, even a f r e e  a i r  mounting 
( 0  = 200°C/w) would cause a junc t ion  temperature rise of only 67°C above t h e  ambient. 
When cons ider ing  ch ip  sizes i t  i s  important t o  e l imina te  c e r t a i n  ampl i f i e r  
components from considerat ion.  
keep c o n t r o l  over are: 
The t h r e e  ampl i f ie r  parameters t h a t  w e  would l i k e  t o  
(1) Switching frequency, 
( 2 )  High-f requency cu to f f ,  
(3) Low-f requency cu tof f  . 
By keeping t h e  modulator C,  t he  feedback C,  and t h e  L-C p a r t  of t h e  output  f i l t e r  
ou t s ide  of t h e  package, reasonable  c o n t r o l  may be maintained. 
(based on Table 3.1 of Semiannual Report No. 1) would be about 700 square  m i l s .  
The s i z e  of t he  PNP chip  
The 
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Fig. 4.7 Proposed microcircuit layout for power-amplifier PNP chip 
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t o t a l  area required (about 2500 square  mi l s )  would e a s i l y  f i t  i n  a TO-5 can o r  f l a t  
pack. 
I n  summary, w e  f e e l  t h a t  wi th  some p r a c t i c a l  compromises, t h e  ampl i f i e r  
appears  wel l -sui ted,  from every po in t  of view, f o r  monol i th ic  microminia tur iza t ion .  
TABLE 4 .1  
PWM POWER AMPLIFIER SPECIFICATIONS 
Power supply vol tage  
Switching frequency (m = O ) *  
Standby power (m = 0) 
DC o f f s e t  i n  load 
Input  s i g n a l  f o r  m = 0.9 
Output power f o r  1 kc s i n e  wave (m = 0.9 max) 
Eff ic iency  at  f u l l  load (m = 0.9)  
Tota l  harmonic d i s t o r t i o n  f o r  1 w a t t  output  
Frequency response e 3db) 
- + 12 v o l t s  
100 kc 
260 mw 
30 mv 
.25 v o l t s  
1.28 wat t s  
69% 
2% ( see  Fig.  4 .6(b))  
50 CPS - 20 kc 
* 
Note: modulation l e v e l  i s  def ined:  
m = (T1 - T2)/(T1 + T2) 
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It is not  uncommon f o r  a r t i c l e s  on passive redundancy [17, 181 t o  make a t  
least pass ing  r e fe rence  t o  Shannon‘s classic paper [l9] on t h e  t op ic .  Unfortunately,  
t h e  c i r c u i t  elements ( o r  even subsystems) considered i n  p r a c t i c e  r a r e l y  m e e t  t h e  
r e s t r i c t i o n s  of Shannon‘s i d e a l i z e d  r e l a y  contacts .  
shown i n  Fig. 5.l(a) is a b a s i c  bu i ld ing  block of Shannon’s i d e a l i z e d  contacts ,  but  
the hr idg ing  e l m e n t  of the diode analogy has uncertain s i g n i f i c a n c e .  
comparison is  a l s o  i n  quest ion,  s i n c e  t h e  idea l i zed  con tac t s  are assumed t o  s u f f e r  
from i n t e r m i t t e n t  f a i l u r e s  only. The u s u a l  assumption for e l e c t r o n i c  components is 
f o r  a permanent f a i l u r e ,  i.e., given a f a i l u r e  a t  tl, t h e  p r o b a b i l i t y  t h a t  t h e  cm- 
ponent is s t i l l  f a i l e d  a t  t2 i s  uni ty .  
work. 
For example, t h e  br idge  a r r a y  
Direct a n a l y t i c  
This dependence is not  included i n  Shannon’s 
The following a n a l y s i s  is e s s e n t i a l l y  an ex tens ion  of prev ious  work repor ted  
by Price I203 and Hunter [21], and cons iders  c i r c u i t  elements capable of t h r e e  states 
and uses t h e  p r o b a b i l i t y  model 
where p is t h e  p r o b a b i l i t y  t h a t  t h e  element i s  opera t ing  properly;  
t h a t  t h e  element has f a i l e d  i n  a way which does no t  a f f e c t  t h e  opera t ion  of a composite 
grouping; 
e n t i r e  composite t o  f a i l .  
q i s  t h e  p r o b a b i l i t y  
r is t h e  p r o b a b i l i t y  t h a t  t h e  element has f a i l e d  i n  a way which causes t h e  
Fig. 5.1 (a) Array of i d e a l i z e d  con tac t s .  (b) Diode analogy. 
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. 
Although the  composites considered here  are l imi t ed  t o  series and p a r a l l e l  
connect ions,  i t  i s  hoped t h a t  t h e  techniques may be extended t o  inc lude  a more 
genera l ized  topology. I n  add i t ion ,  i t  i s  a n t i c i p a t e d  t h a t  t h e  p r o b a b i l i s t i c  model 
need not  be l imi ted  t o  d i s c r e t e  modes but  r a t h e r  may be extended t o  inc lude  a con- 
tinuum of performance degradat ion.  The d u a l i t y  of series and p a r a l l e l  connect ions 
has a unifying e f f e c t  on t h i s  technique,  s i n c e  t h e  i n t e r p r e t a t i o n  of q and r f o r  one 
connection i s  interchanged f o r  t h e  dual .  
5 .1  Dual composite a r r ays .  
Consider an element descr ibed by the  p r o b a b i l i s t i c  equat ion  
p o + q o + r  = 1  
0 
and de f ine  
Po = r o k o  
Equation (5.2) then becomes 
( 5 . 3 )  
( 5 . 4 )  
Now, l e t  p1 b e  t he  p robab i l i t y  t h a t  a composite of n such elements w i l l  ope ra t e ;  
q be t h e  p robab i l i t y  t h a t  t h e  composite f a i l s  i n  a way which does not a f f e c t  f u r t h e r  
composition; 
i n  f a i l u r e  of a d d i t i o n a l  compositions. 
1 
r1 be the  p robab i l i t y  t h a t  t h e  composite f a i l s  i n  a way which r e s u l t s  
By d e f i n i t i o n ,  i f  an element f a i l s  i n  s t a t e  q ,  t h e  opera t ion  of t he  composite 
i s  unaffected.  But i f  a l l  t he  elements f a i l  i n  t h i s  way, t h e  e n t i r e  composite w i l l  
then be  i n  state q. The p robab i l i t y  of t h i s  occurrence i s  simply 
41 
where n i s  
f a i l s  i n  s 
n 
= (qo> Y ( 5 . 5 )  
the  number of elements i n  the  composite. 
a t e  r ,  t h e  composite w i l l  f a i l  i n  t he  same way. The p robab i l i t y  t h a t  a t  
Also by d e f i n i t i o n ,  i f  any element 
least  one element has  f a i l e d  i n  s ta te  r may be found by sub t r ac t ing  from un i ty  t h e  
p r o b a b i l i t y  t h a t  a l l  elements e i t h e r  are opera t ing  o r  have f a i l e d  i n  s t a t e  q. Hence, 
rl = 1 - (4, + pol n 
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S u b s t i t u t i o n  from (5.2) i n t o  (5.6) y i e l d s  
r = 1 - ( 1  - roln 1 
The p r o b a b i l i t y  t h a t  t h e  composite is opera t ing  is 
r1 - 91 p l = l -  
o r ,  from (5.5) and (5.7)’ 
With a p defined,  as i n  (5:3), t o  be 1 
s u b s t i t u t i o n  of (5.5) and (5.7) i n t o  (5.10) produces 
’ 
Rewriting equat ions  (5.9) and (5.11) i n  terms of p and p w e  o b t a i n  
0 0’ 
(5.7) 
(5.10) 
(5.11) 
(5.12) 
(5.13) 
5.2 S e r i e s - p a r a l l e l  optimization. 
Examination of (5.12) sugges ts  maximization of p wi th  proper choice  of n. 1 
By s e t t i n g  ap /an t o  zero,  t h e  optimum value  of n may be obtained as 1 
n = I n [ l n  y / l n  x ] / [ l n ( x / y ) l  * (5.14) 
where x = (1 + p p ) / ( 1  + p ) and y = ( 1  - p o ) / ( l  + po) .  
y i e l d  an i n t e g r a l  va lue  f o r  n ,  which n e c e s s i t a t e s  t e s t i n g  t h e  two n e a r e s t  i n t e g e r s .  
I n  gene ra l ,  (5.14) w i l l  not  
0 0  0 
To lend f u r t h e r  i n s i g h t  i n t o  t h e  ques t ion  of optimizing n ,  t h e  graph of Fig.5.2 
has been cons t ruc ted  t o  show bands of i n t e g r a l  n va lues  which s a t i s f y  (5.14) f o r  any 
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0 
rl 
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Fig. 5.2 Curves that delineate regions of optimum element 
redundancy 
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0 
0 
4 
0 
0 
0 
po and po. < i. 
Ana ly t i ca l ly  t h i s  can be seen  by s e t t i n g  n = 2 ( t h e  minimum degree of redundancy) i n  
(5.12). and sub t r ac t ing  p Hence, 
Fig. 5.2 a l s o  shows t h a t  an optimum n t 1 is obtained only if p 
0 
0' 
= po( l  + POPo - Po - P o ) / ( P o  + 1) p 1  - Po 9 
For (5.15) t o  be p o s i t i v e ,  O < p o < l ,  s i n c e  O<p <1. 
0 
I f  a composite i s  formed using t h e  optimum n obtained from (5.14), p l w i l l  
1 be g r e a t e r  than uni ty .  To prove t h i s ,  consider a composite using optimum n wi th  p 
less than  uni ty .  
( t o t a l  of 2n elements) f o r  opt imizing the operat ing p robab i l i t y .  Since (5.14) has  
a s i n g l e  maximum,  t h e r e  is only one optimum and p1 so chosen cannot be less than  uni ty .  
Regardless of pl, Fig. 5.2 ind ica t e s  u se  of two such composites 
OP 
I f  p > 1 ,  then  r>q  f o r  a s p e c i f i c  configurat ion.  Now, i f  t h e  dua l  conf igura t ion  
is considered, and t h e  r o l e  of r and q interchanged, r' = q and q' = r. Hence, 
p' = l / p .  Equations (5.5) through (5.15) and Fig. 5.2, now apply t o  t h e  dua l  con- 
f igu ra t ion .  Each composition may be t r e a t e d  as a new element and some r e l i a b i l i t y  
kiiprove~erit  obtained. A typical. a r r ay  so sp- thes i zed  is s h n m  i n  Fig.  5.3 . The 
fol lowing numerical example i l l u s t r a t e s  t h e  procedure. 
Consider an element with opera t ing  p robab i l i t y  po = 0.5 and po = 0.1 . If 
t h e  c r i t e r i o n  of (5.14) is used, t he  c i r c u i t  of Fig. 5 .4(a)  is obtained,  and app l i ca t ion  
of (5.12) and (5.13) y i e l d s  p1 = 0.790 and p1 = 4.1 . 
a series connection, and determining p i  
dictates two composites f o r  optimum r e l i a b i l i t y .  (Fig. 5.4(b)) Applicat ion of (5.12) 
y i e l d s  p2 = 0.89 . 
Following t h i s  arrangement by 
l / p l  = 0.246, equat ion (5.14)(or Fig. 5.2) 
I n  comparison, form t h e  quad conf igura t ion  of Fig. 5.5(b) by a composition of 
t h e  p a r a l l e l  connection of Fig. 5.5(a).  
connection is p1 = 0.706, and p1 = 0.43, s o  t h a t  p '  = 2.32 . 
opera t ing  p r o b a b i l i t y  of  t h e  quad arrangement, w e  ob ta in  p 
less than  p 
i n  Fig. 5.4(a).  
The opera t ing  p r o b a b i l i t y  of t h e  p a r a l l e l  
Now, computing t h e  1 
= 0.624! Not only is p2 2 
bu t  i t  is c l e a r l y  i n f e r i o r  t o  the r e l i a b i l i t y  of t h e  composite shown 1' 
5.3 Conclusions and f u t u r e  ob jec t ives .  
The foregoing a n a l y s i s  sheds add i t iona l  l i g h t  on the  p r a c t i c e  of quad mounting 
c e r t a i n  elements f o r  r e l i a b i l i t y  improvement, and i n d i c a t e s  t h a t  some knowledge of 
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Fig. 5.3 Typical redundant element array 
Fig. 5.4 Optimally derived array 
Fig. 5.5 Common quad array 
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failure -,=&-s --,=st be determined before redundancy is attempted. 
however, t h a t  i n  t h e  l i m i t  as p + 1, the  quad conf igura t ion  (2 x 2) w i l l  y i e l d  some 
( i f  n o t  optimum) improvement. 
Fig. 5 .2  does i n d i c a t e  
Inves t iga t ion  of t h i s  l i m i t  is i n  progress .  
Maximization of p for each s t e p  i n  a s t r u c t u r e  such as s h a m  i n  Fig. 5.3 does 
no t  n e c e s s a r i l y  l ead  to o v e r a l l  op t imiza t ion  f o r  t o t a l  number of elements involved. 
However, an extension of t h i s  procedure including p o s s i b l e  use of dynamic programming 
may provide  an i d e a l  topology f o r  any des i r ed  r e l i a b i l i t y  improvement. 
The u l t ima te  o b j e c t i v e  of t h i s  e f f o r t  is t o  cons ider  t h e  optimum redundant 
a r rwgement  of devices  ( including a c t i v e  elements) whose f a i l u r e  states are no t  
c a t a s t r o p h i c ,  bu t  r a t h e r  r ep resen t  a continuous degrada t ion  from normal operat ion.  
Simple r e s i s t i v e  o r  c a p a c i t i v e  networks, s o l a r - c e l l  a r r a y s ,  and a m p l i f i e r s  may be 
improved wi th  redundancy as a r e s u l t  of such a study. 
- 57 - 
V I .  Conclusions and Research Plans 
The research discussed i n  t h i s  r e p o r t  has  been d i r e c t e d  toward t h e  a p p l i c a t i o n  
of advanced c i r c u i t  concepts f o r  r e a l i z a t i o n  of h ighly  r e l i a b l e  and e f f i c i e n t  e l e c t r o n i c  
subsystems. Some of t h e  r e s u l t s  have posed as y e t  unanswered ques t ions ,  which form 
t h e  b a s i s  for  a continuing research e f f o r t  i n  t h e  area of r e l i a b l e  s o l i d - s t a t e  cir- 
c u i t s .  The main conclusions,  wi th  suggest ions f o r  f u t u r e  work, are as fol lows:  
(1) A novel scheme f o r  l i n e a r  pulse-width modulation has  been presented i n  
Chapter I1 and two b a s i c  c i r c u i t  designs descr ibed.  The f i r s t  design involves  mod- 
u l a t i o n  of capacitor-charging c u r r e n t s  and, although switching frequency decreases  
with modulation l e v e l ,  performance i s  r e l a t i v e l y  i n s e n s i t i v e  t o  c i r c u i t  v a r i a t i o n s .  
The second design achieves constant-frequency opera t ion  by modulation of switching 
l e v e l s ,  but  r equ i r e s  a more complicated capac i to r  network. Furthermore, performance 
is somewhat more s e n s i t i v e  t o  v a r i a t i o n s  i n  c i r c u i t  parameters.  Research w i l l  con- 
t i n u e  i n  the a r e a  of modulator design with s p e c i a l  a t t e n t i o n  given t o :  
( a )  Improvement of modulator i npu t  c i r c u i t  design,  i nc lud ing  t h e  use of 
FET d i f f e r e n t i a l  ampl i f i e r s .  
(b) 
u l a t i o n  process.  
The development of a method f o r  i n t e r s t a g e  a m p l i f i c a t i o n  of t h e  mod- 
(2)  Several  conf igu ra t ions  f o r  pulse-power ampl i f ica t ion  have been considered 
and a b a s i c  complementary NPN-PNP design has been evaluated (Chapter 111). 
f i g u r a t i o n  meets t h e  requirement f o r  low output impedance, s i n c e  t h e  d r i v e  necessary 
f o r  s a t u r a t i o n  of t h e  output s t a g e  may be e a s i l y  provided. The problem assoc ia ted  with 
t h e  momentary s h o r t - c i r c u i t i n g  of t h e  power supply t h a t  occurs i f  both t r a n s i s t o r s  
are "on" has been solved by s u i t a b l e  shaping of t h e  d r i v e  waveform without compromising 
t h e  l i n e a r i t y  of t h e  PWM process .  Future  p l ans  i n  t h i s  a r e a  inc lude :  
This con- 
( a )  Developement of a high-power, single-supply,  all-NPN bridge.  
(b) 
power lo s ses .  
Evaluation of an audio-switching scheme f o r  reduct ion  of standby- 
( 3 )  An important conclusion based on t h e  design of t h e  audio-power a m p l i f i e r  
discussed i n  Chapter I V  is  t h a t  PWM techniques have g r e a t  p o t e n t i a l  f o r  technologica l  
u t i l i z a t i o n .  
e f f i c i e n c y  (69%) , low d i s t o r t i o n  (2%), and high r e l i a b i l i t y  is e n t i r e l y  f e a s i b l e  and 
f u r t h e r ,  is  compatable with t h e  requirements of i n t e g r a t e d  c i r c u i t  technology. It i s  
a n t i c i p a t e d  t h a t  PWM methods a r e  wel l -sui ted f o r  a p p l i c a t i o n  t o  s p a c e c r a f t  command 
and c o n t r o l  e l e c t r o n i c  subsystems. Further  research i n  t h i s  area w i l l  c o n s i s t  of 
It has  been shown t h a t  such a design,  combining t h e  f e a t u r e s  of high 
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the follovingt 
(a) A study of the  e f f e c t s  of delay and r i p p l e  i n  the  use of A.C. 
feedback. 
(b) An a p p r a i s a l  of c o n t r o l  system a p p l i c a t i o n s ,  such a s  semm and 
vo l t age  regula tors .  
(4) In t h e  area of r e l i a b i l i t y  theory,  a method h a s  been presented t h a t  allows 
determinat ion of r e l i a b i l i t y  improvement by composition of redundant elements i n  series 
and p a r a l l e l  configurat ions.  Further  research i n  t h i s  a rea  is planned t o  include:  
(a) An extensi.on of the  methods presented t o  o t h e r  topologica l  con- 
f i g u r a t i o n s  with development of r e l i a b i l i t y  opt imizat ion procedures. 
(b) Consideration of a p r o b a b a l i s t i c  model not  l i m i t e d  t o  d i s c r e t e  modes, 
t h a t  allows a representa t ion  of a continuous degradat ion from normal 
operation. 
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APPENDIX A 
Nonl inear i ty  i n  a PWM Amplif ier  Introduced 
by an R-C Compensation Network 
The add i t ion  of an R-C network t o  the  f r o n t  end of t h e  pulse-power s t a g e  of 
a PWM power ampl i f ie r  e f f e c t i v e l y  shapes the  PWM waveform. Proper shaping avoids 
momentary shor t ing  of t h e  power supply i n  t h e  output  s t age ,  as d iscussed  i n  Chapter 111. 
This process ,  however, has  some adverse e f f e c t s  on t h e  ampl i f i e r  t r a n s f e r  charac te r -  
i s t i c .  I n  t h e  fol lowing ana lys i s ,  i n  each of t h e  two cases  considered,  t h e  PWM d r i v e  
s i g n a l  i s  assumed t o  have vol tage  l e v e l s  2 V ,  cons tan t  per iod  T ,  wi th  ind iv idua l  pu l se  
lengths  given by 
where m 
T1 = T(l + m)/2 
T, = T ( l  - m)/2 
i s  the modulation l e v e l .  
A . l  Fin t e  load impedance-perfect switch.  
Consider t h e  R-C compensation network and switching arrangement shown i n  
Fig. A. l (a) .  The ana lys i s  of  t h i s  case is s impl i f i ed  i f  t h e  V drops of t r a n s i s t o r s  
Q, and Q, a re  assumed t o  be zero.  Hence, switching a c t i o n  i s  i n i t i a t e d  by a p o l a r i t y  
r e v e r s a l  of the  vol tage  across  t h e  capac i tor .  It i s  a l s o  assumed t h a t  r e s i s t o r  R2 is  
l a r g e  An equiva len t  in-  
pu t  c i r c u i t  f o r  t h i s  case is shown i n  Fig. A. l (b) ,  a long with waveforms f o r  the  equiva- 
l e n t  PWM input ,  x e ( t ) ,  t h e  capac i to r  vo l tage  Vc,  and t h e  power-switch output ,  y ( t ) .  
BE 
compared wi th  t h e  input  impedance of t r a n s i s t o r s  Q, and Q 2 .  
I f  t and t, are def ined as t h e  t i m e s  dur ing i n t e r v a l s  T1 and T 2 ,  r e spec t ive ly ,  1 
t h e  expressions f o r  t he  vol tage  ac ross  the  capac i to r  are: 
c L -  L 
f o r  t h e  two t i m e  i n t e r v a l s  shown. I f  s teady  s ta te  condi t ions  p r e v a i l ,  parameters A 
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I1- 
- 2 -T2- 
+ 
Power 
R1 
4 
Switch 
R 
e 
Fig. A . 1  (a) Power switch with R-C compensation network. 
(b) Equivalent input network and waveforms. 
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and 
+ E: -TIT )/(1 - E -T/T) B = (1 - 2E 
With reference to Fig. A.l(b), during the interval T V is positive when t > T 
where, from (A. 3) , 
1’ c 1 - A’ 
TA = T ln(1 + A) (A. 7) 
Similarly, during the interval T2, V is negative when t 2 - > T By where, from (A.4), C 
TB = T ln(1 + B) (A.8) 
Thus, the output of the switching circuit is positive during the interval: 
Tp = T1 - T + TB A 
and is negative in the interval 
TN = T2 - T + TA B 
Now, if we define the normalized average output signal as 
Y = (TP - TN)/(Tp + TN> 
substitution from (A.9) and (A.10) yields 
Y = (T - T2)/T + 2(TB - TA)/T 1 
Further substitution from (A.l) , (A.2), (A.7) , and (A.8) results in 
Y = m + (2T/T) In [(l + B)/(1 + A)] 9 
(A. 10) 
(A. 11) 
(A. 12) 
(A. 13) 
and finally, from (A.5) and ( A . 6 ) ,  
) I  9 (A. 14) -(lfm)T/2T)/(l - e - (1-m) T/2T Y = m + [2T/T] In [(l - e 
A family of curves for Y vs m as a function of T/T is plotted in Fig. A.2 . 
The effects of the R-C network are apparent as a reduced dynamic range and a nonlinear 
- 64 - 
t r a n s f e r  c h a r a c t e r i s t i c .  
c r i t i c a l  va lue  of m is t h a t  which makes e i t h e r  A or B ( i n  (A.5) o r  ( A . 6 ) )  nega t ive ,  
causing t h e  output  switch t o  s t a y  i n  one s ta te .  
occurs  i s  t h e  s a m e  whether A o r  B is considered and is found from ( A . 1 )  and ( A . 4 )  o r  
in .2 j  and ( A . 5 1  to be 
fjote t h a t  when m exceeds a c r i t i ca l  va lue ,  ml,  Y = 1. This  
The magnitude of m f o r  which t h i s  
(A. 15) 
The curve f o r  m as a func t ion  of TIT is  shown i n  F ig .  A . 4  . 
A.2 Performance wi th  deadband and a l a rge ' i npu t  impedance. 
1 
I f  t h e  compensation-network capac i to r  is  placed from t h e  base of Q, and Q, t o  
ground ( i . e .  R = O ) ,  V is  clamped t o  (VBE + Vd) .  This conf igura t ion  and t h e  new 2 C 
d e f i n i t i o n s  f o r  TA and T It is  assumed here  t h a t  t h e  input  are shown i n  Fig. A.2 . B 
impedance of Q and Q is high compared t o  r e s i s t o r  R. 1 2 
1.0 I i 
Y 
0 0.2 0.4 0.6 0.8 1.0 
modulation l e v e l  m 
Fig. A . 2  Y vs m as a func t ion  of T/T 
- 65 - 
I n  Fig. A.3, T and T a r e  the  dead-band t r a n s i t i o n  t i m e s ,  which are 
A B 
T A = T~ = T l n @ l  + (vBE + v d ) / v I / [ l  - (vBE + vd) /v] )  ( A .  16) 
An ana lys i s  s i m i l a r  t o  t h a t  presented i n  the  previous s e c t i o n  i n d i c a t e s  t h a t  t h e  t r ans -  
f e r  c h a r a c t e r i s t i c  i s  l i n e a r  up t o  t h e  po in t  where T = T o r  T = TB. Beyond t h i s  
l e v e l  t h e  output jumps t o  t h e  supply vo l t age  because switching a c t i o n  ceases .  I f  m2 
i s  defined a s  the  input  modulation l e v e l  necessary t o  j u s t  cause Y = 1, t h e  equat ion  
descr ib ing  m 
1 A  
as a func t ion  of T ,  (V BE + V d ) and V i s  e a s i l y  obtained as: 2 
A p l o t  of m 
comparison wi th  m 
as a func t ion  of T / T  for (VBE + V )/V = 0.1 is  shown i n  Fig. A . 4  f o r  2 d 
1' 
+m-, 
/ 
I / I 
I / T1 
vC 
/ =' +-- T2- 
I 
\ 
Fig. A.3 Modified compensation network 
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